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Thesis structure 
The experimental chapters in this thesis are w1itten as journal articles. Since journal 
articles must be self-contained, there is some degree of repetition in the thesis. 
Chapter 1 discusses the importance of multigenerational studies in toxicity 
evaluations, the limitations of single species toxicity testing, and need for population 
and community level studies. Selection of suitable test orgamsms I.e., 
Pseudokirchneriella subcapitata and Daphnia carinata is also discussed. In addition, 
a review of inland salinity issues, pesticide pollution and importance of mixture 
toxicity studies including salinity and pesticide mixtures are discussed. Chapters 2 and 
5 examine the exposure of P. subcapitata and D. carinata to salinity over several 
generations (separately) and life history and population level effects are discussed. 
Chapters 3 and 6 describe the toxicities of salinity, atrazine, molinate and chlorpyrifos 
individually, and mixtures of different combinations of the toxicants toP. subcapitata 
(short-term chronic tests) and D. carinata (acute tests). 
Chapters 4 and 7 exam me the effects of high salinity acclimation (over multiple 
generations) of P. subcapitata and D. carinata on the toxicities of salinity, atrazine, 
mo 1inate and chlorpyrifos individually and as 1nixtures of different cmnbinations to 
detem1ine whether there are sensitivity changes. 
Chapter 8 summarises the findings of the study and evaluates the comparative effects 
of salinity (multi gcncrational and shon-tem1 toxicity), ;:md three pesticides 
individually and mixtures on the two test organisms studied. The possible indirect 
effects of toxicants on organisms in higher trophic levels, i.e., D. carinato as a result 
of direct effects on the primary producers i.e. , P. suhcapitata are discussed. The 
importance of incorporating mixture toxicitics and community level effects into 
environmental management of toxicants are discussed in relation to results of the 
prescn t study. 
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Abstract 
The salinisation of inland water bodies occurs in many parts of the world. This issue 
is serious in Australia, especially in agricultural areas where pollution caused by 
pesticides is also prevalent. Even though mixture toxicity studies have been carried 
out for various classes of chemicals, little infom1ation is available on the toxicities of 
the combined effects of pesticides and salinity on freshwater aquatic biota. Aquatic 
organisms inhabiting salt-affected inland water bodies experience the effects of 
salinity over generations. Thus, there may be differences in the sensitivity of these 
organisms to salt-induced changes from those caused by other toxicants. There is no 
scientific information on how salinity-affected freshwater organisms respond to 
various agrochemicals in such environn1ents. 
Two representative test species, VIZ. the freshwater alga Pseudokirchneriella 
subcapitata and the freshwater cladoceran Daphnia carinata were selected to study 
the effects of salinity individually and as mixtures with selected pesticides (atrazine, 
molinate and chlorpyrifos). 
The experiments consisted of effects of multigenerational exposure to salinity on the 
life history traits of these two species. The acute toxicities of individual toxicants and 
their mixtures on these two species were also tudied . Finally, the acute toxicities of 
individual and mixtures of toxicants on both species acclimatised to salinity over 
multiple generations were compared with non-acclimatised populations. P. 
suhcapitata (non11al salinity 100 ~LS/cm) exposed to elevated salinities (3000 and 
6000 ~LS/cm) over five sequential culture::. (CO - C..f) had significant (p ~ 0.05) 
adverse effects on growth rate, number of cell divisions per day and generation time 
except for the second culture (C 1 ). Al l cultures from C I to C4 had significantly lower 
(p :S 0.05) ce ll yields than CO for both the elevated salinities. Significant differences 
(p :::; 0.05) between cu ltures were observed (compared with CO) in terms of the growth 
rate, cell divisions per clay, generat ion time and cell yie ld indicating that stress 
induced by e leva ted sa linity persisted over the rive sequential c ultures. 
D. carinolo (normal sa I ini ty 200 ~LS/cm) were m a inta i nee! a t clcva tee! sa I ini ti es (2000, 
4000, 5500 and 6300 ~tS/cm) for four gcnerc:Jtions (FO- F3). Sal in ities 2: 5500 ~LS/cm 
XX 
significantly reduced (p _s 0.05) their reproductive ability, intrinsic rate of natural 
increase and ingestion rates. Neonatallength was significantly reduced (p S 0.05) at 2: 
2000 )l.S/cm while filtration rate was significantly reduced (p S 0.05) at 2: 5500 and 
4000 )l.S/cm for the F 1 and F2 generations, respectively; no significant differences 
were found for the FO generation. Significant delays (p S 0.05) in the reproduction 
also occurred with incre~sing salinities.Development of tolerance to salinity .as an 
adaptation over generations was not clearly evident from these results. Cladoceran 
populations may be impacted due to reduced food availability (due to direct effects of 
salinity on the alga) at salinities 2: 3000 )l.S/cm. Such cascading effects on species at 
higher trophic levels could result in comn1unity level effects. Thus, reliance on results 
of single species experiments is questionable and there should be a mechanism to 
incorporate community level toxic effects in ecological risk assessments and water 
quality guidelines. 
Chronic toxicities of individual toxicants (72-hour IC50 values) to P. subcapitata 
were 5600 )l.S/cm, 48 )l.g/L, 300 ~tg/L, 797 ~tg/L for salt, a trazine, molinate and 
chlorpyrifos, respectively . Atrazine was very highly toxic, molinate was highly toxic 
and ch lorpyrifos was moderately toxic to the alga. Toxicities of n1ixtures of these 
toxicants were evaluated using the Toxic Unit (TU) approach. Approxin1ately 50% of 
the mixture combinations for non-acclimatised P. subcapitata confom1ed to 
antagonism, 47.3°/o to additivity and 1.8% to synergism . For salinity acclimatised and 
non-acc limatised cultures of P. subcopitoto, ch lorpyrifos/sa lt and 
atrazine/ch1 orpyrifos/salt mixtures were significantly (p S 0.05) different and high 
salini ty 8cc lim8tiscd cultures were less tolerant of these mixtures. In set linity 
acc limettised cultures exposed to mixtures of the pesticides and salinity, the majority 
of the co ncentra tions (71 %) tes ted co nformed to additivity. Approximately 20o/o and 
9o/o of the mi xtures conformed to antagonism and synergism, respective ly. Changes in 
tox icity relationships in mixtures occun·ed between non-acclimatised and acclimatised 
cultures i.e., antagonistic relationships in non-acclimatised cultures became additive 
in acclimatised cultures, and so me additive relationships in the non-acclimatised 
cultures became syncrgistic in the acclimatised cultures. This indicates an increase in 
the sensiti vity to the toxicant mi xtures of the acclimettisecl alga. 
XXl 
For D . carinata, acute toxicity ( 48-hour immobilisation EC50) values were 8790 
).l.S/cm, 42 mg/L, 25 mg/L and 0.21 ).lg/L for salinity, atrazine, molinate and 
chlorpyrifos, respectively. Chlorpyrifos was very highly toxic while atrazine and 
molinate were slightly toxic to the cladoceran. Toxicity relationships for mixtures of 
pesticides and salinity for non-acclimatised cultures were 47% conformed to 
additivity, 11% conformed to synergism and 42o/o conformed to antagonism. The 11 o/o 
of mixtures showing synergistic relationships needs attention in developing water 
quality guidelines (WQGs) . 
Acclimatisation to 6300 ).l.S/cm water did not change the tolerance of D. carinata to 
acute exposures of atrazine, chlorpyrifos or molinate individually, as mixtures of the 
pesticides or as mixtures of the pesticides with the high salinity tested. Thus, 
acclimatisation to salinity did not adversely alter their defence mechanisms against 
individual pesticides or their mixtures. The toxicity relationships of mixture 
combinations were antagonism - 3 7%, additivity - 52% and synergisn1 - about 11%. 
This suggests greater toxicity than expected fron1 the concentration addition (CA) 
nwdel. There was about a 5o/o decrease in antagonism in high salinity cultures 
compared with non11al alinity cultures while additivity increased by the same 
percentage in high salinity cultures; synergism ren1ained the same in both cultures. 
The two test species exhibited different toxicity responses to the mixtures of toxicants. 
There were changes in sensitivities in terms of toxicity relationships in salinity-
acclimatised and non-acclimatised cultures especially for P. suhcapitnto. The most 
prevalant toxicity relationship was additivity and therefore incorporation of additivity 
into the derivation or implementation of WQGs would protect the two species from 
approximately 900;0 of the mixtures tested. However, mixtures that have synergistic 
relationships, which were about I Oo/o of the mixtures would not be sufficiently 
addres ed by these WQGs. Based on the findings of the present study, it is 
recommended that long-tenn exposure scenarios and toxicities of mixtures should be 
incorpora ted to provide a more conservative approach in risk assessments and in 




Rationale for the Thesis 
The increase of salinity in inland aquatic systems is considered as a highly significant 
environmental problem in certain parts of the world. Australia has suffered from 
inland salinity over time (Williams 1987; Williams 1999; Jolly, Williamson et al. 
2001 ). Salinisation could be due to natural processes; however, human-induced 
factors have contributed to the rapid increase of salinity and it is an ongoing process 
at present (Jolly et al. 200 l ). 
Point sources of pollution of inland waters are generally industrial effluents, sewage 
and n1unicipality wastes, mining effluents etc., for which the sources and points of 
discharge can be identified. Non-point source pollution i more diffuse, and includes 
aerial deposits and smface nmoff over large areas. One major non-point source 
pollutant is agricultural nm-off, which contains pesticides and other agrochemicals. 
Point source pollution is relatively easy to monitor, and enforcement of regulations to 
control the level of input are relatively straightforward compared to non-point source 
pollutants. Non-point source pollutants can enter the waterways via surface water run--
off and it is difficult to monitor them and quantify loads. Agrochemicals are cunently 
the only group of highly toxic chemicals that are deliberately applied to the 
environment to contro l pests and the effects are widespread on receiving waters. 
Therefore, the use of pesticides in agriculture has attracted the concen1 of researchers 
and decision-makers as it is necessary to gain a better understanding of their 
consequences on affected environments and non-target organisms. 
1.2. Inland salinity issues 
1.2.1. Extent of inland salinity 
Salinisation in inland areas of the world has been increasing over time (Jolly et al. 
2001; Williams 1987). The extent and distribution of saline and sodic soils (soil which 
has the potential to develop salinity) in the world has been estimated by Szabolcs 
(1987) (Table 1.1 ). 
Table 1.1: Worldwide distribution of saline and sodic soils. (Szabolcs 1987). 
Region Total Area Saline and sodic Saline and sodic 
(million Ha) soils (million Ha) soils {0/o of land 
area) 
Africa 1,8 99.1 72.2 3.8 
Asia, Pacific and 3,107.2 443 .7 14.3 Australia 
Europe 2,010.8 79.4 3.9 
Latin America 2,038 .6 11 1.4 5.5 
Near East 1,8 01.9 105.6 5.9 
North America 1.923.7 I 9.1 1.0 
Total 1.2781.3 831.4 6.5 
About 6 .5% of the world's land is affected by salinity which covers over 400 million 
hectares (Szabolcs 1994). Much of the world's land is not cultivated, but a significant 
proportion of cultivated land is salt-affected. Of the current 230 million ha of irrigated 
land, 45 million ha are salt-affec ted (19 .5%) and of the 1,500 million ha under 
dryland agricu lture, 32 million are sa lt-affected to varying degrees (2. 1 percent) 
(Szabolcs 1994 ). 
Inland sa linity in As ia , the Pacific and Australia is cons iderably more extensive than 
the overa ll global s ituatio n (Table 1.1 ). The land area cunently affec ted by salinity 
and the predicted inc reases over the nex t 50 yea rs, ir present trend s continue, have 
been es timated in diffe rent states of 1\ ustralia (Tab le 1.2) (Nat ional Land and Water 
Resource Audit, 200 I). Percentage increases range fro m aro und 60°/o to over 90°/o in 
di ffe rent s tates over thi s fifty-year peri od. 
Table 1.2: The present extent of salt-affected lands in Australia and the 
estimated increases by the year 2050 based on the present trends in salinisation. 
(National Land and Water Resource Audit 2001). 
State Total land area Salt-affected Estimated salt- 0/o increase 
(ha) land area- affected land 
1998/2000 (ha) area by 2050 
(ha) 
NSW 80,064,200 181 ,000 1,300,000 75.6 
Victoria 22,741,600 670,000 3,1 10,000 64.6 
Queens land 173,064,800 Not assessed 3, 100,000 -
South Australia 98,348,200 390,000 600,000 87.8 
Vv'estem 252,987,500 4,363,000 8,800,000 90.6 
Australia 
Tasmania 6,840,100 54,000 90,000 88.7 
1.2.2. Categories and sources of inland salinity 
There are two broad categories of salinity in Australia: pri1nary (natural) salinity and 
secondary (human-induced) salinity (DLWC 2000). The two main sources of natural 
salt deposits in Australia are cyclic and connate salts. Cyclic salts are salts that have 
evaporated from oceans with water and are then deposited in coastal areas (Herczeg et 
al. 2001 ). Ra inwater genera lly contains l 0 to 30 mg/1 of salts (Lambert and Turner 
2000). Salts from rainfall only become a problem when there is insufficient rain to 
flush the depos ited salts from the soil profile. as is the case in Australia. The rain-
deposited sa lt can be transpOiied by wind and deposited in inland areas increasing 
sa linity in such a reas. Connate sa lt comes from sediments deposited by inland seas 
millions of years ago (Herczeg et al. 2001 ). For examp le, the Wiaru1amatta Shale 
Group of the Sydney Basin was deposited by a retreating ocean during the Triassic 
period (some 230 milli on years ago). These sha les con tain sa lt and are responsible for 
sa linity problems in Western Sydney. 
Human-induced sa lini satio n is mainl y caused by land-use prac ti ces. Irriga tion is the 
maj o r t~1 c tor ca us ing inland sal inity in Austra li a and an example is the l\llurrumbiclgee 
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Irrigation Area (MIA). Irrigation salinity occurs when the soil is waterlogged for 
irrigated crops, which causes the underground water table to rise and brings the salt 
already present in the subsurface to the surface. Removal of vegetation cover is 
another factor associated with salinisation. When deep-rooted plants are cleared, 
increased infiltration, reduced evapotranspiration, lack of rain water interception, 
retention capacity and increased run-off can occur (National Action Plan for Salinity 
and Water Quality 2000) . All these factors facilitate transport of the sub-surface salt 
to the surface and thereby cause salinisation. 
Other factors contJibuting to increased salinisation are the inherent properties of soil , 
that is, the salt content of the soils and porosity. High salt content is often found in 
certain soils which were subj ected to sa linisation while the area was under the sea. 
Soil porosity affects the potential of groundwater to rise through the soil profile. The 
greater the soil porosity, the greater the ability of groundwater to rise through the soil 
due to capillary action. 
Geomorphological and geological features are also important in salinisation. Certain 
rocks with high alt content can lead to salinisation (Rengasamy 2006). 
Climatic factors such as heavy rains can inundate and waterlog an area. Once the 
water has evaporated, the salt dissolved in the wa ter remains in the so il surface. In 
certa in situatio n the intrusion of seawa ter through the mouths of r ivers and other 
waterways causes sa linisa ti on in low-lying areas (Woodroffe et a l. 1993). In areas 
where hea y ext rac tion of groundwater preva ils, thi s can cause the shrinking of 
freshwater aquifers and the rise of salinisation (Nobi and Gupta 1997). The exact 
changes in sa linity as a result of global climatic changes and sea leve l rise are not 
full y understood yet but the re is certainly the potential fo r climate change to modify 
the current situatio n. 
2.3. Features of Australian inland salinity 
The ionic composition of the Australian freshwa ter sys tems differs from that of the 
wo rld average, be ing more simil ar in compos itio n to sen water (Bayly and Williams 
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1972). The world average composition of cations and amons m freshwater in 
decreasing order are Ca2+>Mg2+>Na +>K+ and HC03->S042->Cr (Buckney 1980). In 
certain salt-affected waters in Victoria, the order of the composition of ions are: 
Na +>Mg2+>Ca2+>K+ and Cr>S042->HC03->CO/- (Halse et al. 1998), while the 
average sea water ionic composition is Na +>Mg2+>C2+ a>K+ and cr>SO/->HC03-
>SO/- (Wetzel 2001 ). In addition, inland salinity in Australia occurs due to the 
shallow and surface salt deposits and is therefore different from mine water, which is 
the principal source of salinity in some countries (Otero and Soler 2002). 
Elevated salinity has been recorded in many parts of Austra lla including the Western 
Australian wheat belt (Pinder et al. 2005), and a number of river systems in NSW 
including the Murrumbidgee Irrigation Area (MIA) (National Land & Water 
Resources Audit 2001 ). The effects of salinity in these areas include changes in 
species sensitivity distributions (SSDs) (Kefford et al. 2006), and changes in fauna 
and flora. 
Natural salinisation in Australia has been accelerated through human activities (Jolly 
et al. 2001 ). The accelerated rise in salinity in inland rivers and wetJands has occurred 
over 200 years due to land clearing and agricultural practices. Pincler et al. (2005) 
reported salinities in inland WClter bodies in the Western Australian wheat belt to 
range from <4300 to 140,000 jJ.S/cm (Table 1.3), while Jolly et al. (2001) reported a 
mean increase of 4.37 ~-tS/cm/year with a minimum of -6.9 to a maximum of 139.5 
~LS/cm/year in streams in the Murrumbidgee Ini ga tion Area (Table 1.4). 
Table 1.3: Salinities of water bodies in Western Australian wheat belt (Pinder et 
al. 2005) 
No. of sites Salinity J.tS/cm 
86 < 4,3 00 
46 4,300 - 14,000 
69 14,000 - 140,000 
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Table 1.4. Mean salinities and salinity trends in streams in Murrumbidgee 
I . f A (J 11 t I 2001 ) rnga wn rea o ty e a. 
Mean +Standard Error) Minimum Maximum 
Salinity 1.1S/cm 442 ± 81 46 6573 
Salinity trend 1.1S/crn/year 4.37 ± 2.03 -6.9 139.5 
1.2.4. Effects of salinisation 
Salinisation causes habitat degradation, creating stressful conditions and loss of 
biodiversity. A report on the implications of increased salinity concluded that it could 
cause the extinction of approximately 450 species of native flora and 250 species of 
invertebrate water fauna in the Western Australian wheat belt (Biodiversity 
Conservation & Management 2001 ). Another effect of salinisation is the potential loss 
of land suitable for agriculture and subsequent decline in production. For example, 
n1ore than $130 million of agricultural production is lost annually through 
salinisation, about $9 1nillion annually damage to roads and highways in southwest 
New South Wales (National Action Plan for Salinity and Water Quality 2000), and if 
not effectively managed within 20 years, the salt content in Adelaide's drinking water 
n1ay exceed \VHO standards for desirable drinking water (WHO 2006). More than $6 
million are spent every year on building maintenance related to salinity in South 
Australia (National Action Plan for Salinity and Water Quality 2000). Even though 
the ecological effects of salinity were well-known, salinity is not considered as a 
toxicant in the Aus tralian water quality guide lines rather it is considered as a physic-
chemical parameter of water (ANZECC and ARMCANZ :2000). 
1.3. Pesticide pollution 
1.3.1. Pesticide use 
The u e of pesticides in agriculture is increas ing rapidl y in order to fulfil the demands 
of the world's ri s ing population (Yuclclman et al. 1988) (Table 1.5). A similar trend is 
observed in Austral ia (Australian Commodity Stati s tics 2007) (Figure 1. 1 ). 
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Consequently, unless the toxicity of pesticides being used decreases over time, it can 
be assumed that the effects of pesticides on non-target organisms will increase. 
Table 1.5: The world consumption of pesticides between years 1983 and 1998 
(Yudelman et al. 1998) 
World Pesticide Consumption, 1983-1998 Value (US$ millions) 
Region 1983 
N 011h America 3,991 
Latin America 1,258 
Western Europe 5,847 
Eastem Europe 2,898 
Africa/Mideast 942 
Asia/Oceania 5,572 





































Figure 1.1: The trends in pesticide sales in Australia from 1975 to 2006 
(Australian Commodity Statistics 2007). 
1.3.2. Nature of pesticide pollution 
The levels of pesticides in the aquatic environment depend on factors such as the 
spray period , weather conditions, appli cation method, half-life of the pesticide, 
'lfli nity to the scd im ents and bioavailability, etc. (Bowm er et al. 1998). The aquat ic 
e nvironment receives pest icides from farm area s via drift , run-off, direct overspray 
and leac hing ( Pcterson e t a I. 1994) and these then undergo adsorption onto sedi ments 
and suspended ma tter. h ioaccum ulati on and degradat ion, e tc . depending o n their 
physical and chemica l cha racteristics and prevai ling env iro nm enta l cond itions. 
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Persistent chemicals are now banned or have their use restricted for specific purposes 
(Chaudhry et al. 2002). The presence of pesticides in waterways of n1ost agricultural 
regions is characterised by low concentrations for prolonged periods and high 
concentrations for relatively short periods. Therefore, unlike the salinity issue, it is 
important to understand both the short-term and long-term toxicities of pesticides on 
non-targeted organisms. 
Understanding the effects of pesticides in the aquatic environment has been a 
challenge for researchers working in the field. The rationale for choosing the three test 
chemicals (i.e., atrazine, chlorpyrifos and mohnate) is set out below. The key factors 
in their selection were use within Australia, mode of action, environmental fate and 
the amount of currently available toxicity data. 
Atrazine, which inhibits the photosynthetic electron transport chain, is among the 
most heavily used herbicides in the world. It is the second most heavily used 
herbicide in Australia (Radcliffe 2002). The third most heavily used is the closely 
related herbicide, simazine (Radcliffe 2002). Approximately 2,550 kg of active 
ingredient of atrazine is used annually in the Murrumbidgee 1nigation Area (MIA) 
(Simpson and Haydon 1999). Concentrations as high as 100 ~g/L have been recorded 
in waterways the MIA during the cropping season for rice and maize (Korth et al. 
1995). Atrazine is relatively persistent and mobile in both surface and groundwater. It 
is found quite frequently in waterways including inigation water, streams and 
groundwater in Australia (Bowmer et al. 1998). Effects of atrazine on a variety of 
non-targeted freshwater species ha ve been fairly well studied e.g., on diatoms 
(HoagJand et al. 2002), shrimps, cladoceran, fish, and midges (Phyu et al. 2004; Phyu 
et al. 2005a; Phyu et al. 2005b; Phyu et al. 2006), and mussels (B1ingolf et al. 2007) . 
Molinate inhibits cell division in plants. It is one of the most frequently app li ed 
herbicides in Australia (Bowmer et al. 1998; Radcliffe 2002). In addition, it is one of 
the more frequ ently found herbicides in intensive agricu ltural run-off and receiving 
\Vaters in Austra lia and often exceeds the water quality guidelines, especia lly during 
the spray season between October and December (Bowmer et a l. 1998) . For exa mple, 
molinate ha s been measured in the MIA at 42 ~tg/L (Ju ll i and Krassoi 1995). More 
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than 100,000 kg is applied in each season in the Murrumbidgee Irrigation Area which 
exceeds any other herbicides used in the area (Bowmer et al. 1998). The 
bioavailability and toxicity of molinate to freshwater fish, shrimps, cladoceran and 
midges were studied by Phyu et al. (2004, 2005, 2006). The toxicities of molinate 
were compiled on non-targeted invertebrates (Burdett et al. 2001 ), cladocerans (Foster 
et al. 1998; Julli and Krassoi 1995) and phytoplankton (Sabater and Carrasco 1998), 
Development of resistance to molinate was also studied on cladocerans (Sanchez et al. 
2004) and native Australian fish (Harford et al. 2005), 
Chlorpyrifos, is the second most heavily applied pesticide in Australia (Radcliffe 
2002). It is an organophosphorus insecticide, is highly toxic to animals and commonly 
used for control of pests in rice, and is aerially sprayed. Chlorpyrifos concentrations 
in Australian waterways are generally below 1 Jlg/L. However there are a few 
occasions where the concentrations were 26 Jlg/L in northern rivers and 25 ~tg/L in 
irrigation drainage close to rice fields in southern NSW (NRA 2000). The half-life of 
chlorpyrifos in natural waters is hort and estimated at 16 to 33 hours (Marshall and 
Roberts 1978). Chlorpyr:ifos inhibits the enzyme acetylcholine esterase in animals 
(Straus and Chambers 1995). The acute toxicity of chlorpyrifos has been fairly well 
studied and data are availab le on cladocerans (Caceres et al. 2007), chronic toxicity 
on D. carinata (Zalizniak and Nugegoda 2006), fish (Patra et al. 2007), and algal 
species (Bengt on et al. 2005; Van Donk et al. 1992). 
An additiona l factor for their selection was that all three chem icals i.e atraz in e, 
molinate and chlorpyrifos are wide ly being used in the same regions to contro l 
agicultural pests and therefore are likely to occur as mixtures. The three chemicals 
have in fact been recorded in the water ways of Australian agricultural areas (Thomas 
et a l. 1998) . 
In tenns of the tox icity of mixtures, c hem icals wi th the sa me mec hani sm of action 
invariably conform to additivity whil e chemica ls \·Vith different mechanisms of ac tion 
can co nform to additivity, synerg ism or a ntago ni sm. All three of the test chemicals 
have different mec hanisms of ac tion. Thus, the se lec ted test co mpound s would permit 
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the investigation of the effect that chemicals with different modes of action will have 
when combined with elevated salinity and chemicals with other modes of action. 
Information on the toxicity of mixtures of pesticides is well documented (Faust et al. 
1994; Faust et al. 2001; George and Liber 2007; Junghans et al. 2006; Scholz et al. 
2006; Wendt-Rasch et al. 2004). However, mixture toxicity studies among the 
selected three pesticides are limited to certain aspects, i. e., atrazine and chlorpyrifos 
on invertebrates (Belden and Lydy 2000; Pape-Lindstrom and Lydy 1997; Wacksman 
et al. 2005). 
1.4. Interactions of salinity and pesticide toxicities 
Pesticide pollution and elevated salinities occur together in 1nany situations, 1.e. , 
waterways located adjacent to agricultural/irrigated lands. Thus, studies on the 
combined effects of pesticides and salinity provide an ecologically 1nore realistic 
picture of impacts on the aquatic biota. 
Except for a few studies, the combined effects of salinity and pesticides on aquatic 
organisms have not been adequately studied. Hall and Anderson ( 1995) compiled the 
available information on the influence of salinity on the toxicity of different 
chen1ica ls, which included pesticides on freshwater, estuarine and marine species . 
They reviewed a range of test organisms including cladocera n and algal spec ies . The 
review was done on the basis of sa linity ranges on different chemical classes. 
However, the species studied had one or more life stages in Chesapeake Bay. 
Herbicides (including atrazine) and organophosphorus insec ticides were tested against 
estuarine organi sms . Herb icide tox icities were leas t in mid range salinities i.e ., 15 ppt 
and organopho phorus in ectic id e toxicities increased at hi gher sa linities above 20 
ppt. Most of the studies focused a lmos t entire ly on es tua rine animals, which are 
adap ted to variatio ns in sa linity and thus not relevant to freshwater o rga ni sm s (Ha ll et 
al. 1997; Ha ll and Anderson 1995; Hall et a l. 1995). An info rmati o n gap thus ex ists 
on the toxic ity o f pesticide and sa linity mixtures to fres hwa ter o rga nism s . 
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The physiological effects of mixtures of pesticides and salinity may vary with the 
mode of action of pesticides and the organism of concern. The mixture of atrazine and 
chlorpyrifos to invertebrates is synergistic and the reason is that atrazine induces the 
formation of more toxic metabolites of chlorpyrifos (Pape-Lindstrom and Lydy 1997). 
The combined effect of molinate and atrazine could be more that the effects of 
individual chemicals. This could be due to inhibition of photosynthesis by atrazine 
make cells more vulnerable or kill (Solomon et al. 1996) and then inhibition of cell 
division by molinate (Ton11in 1994) may further inhibit the algae. 
The molinate consists of neurotoxic effects on the animals and thi s may cause 
enhanced effects in the presence of other chemicals i.e. chlorpyrifos and atrazine. 
Studies have revealed that exposure to elevated salinity affects osmoregulation in 
algae as well as changing their membrane permeability (Reed 1984). As a result it 
affec ts physiological functions such as p hotosynthesis (Allakhverdiev et al. 2000) . 
When the salinity and the pesticides occur as mixtures the physiological effects could 
be further elevated. 
[n the case of cladocerans external salinities higher than that of the internal body fluid 
and haemolymph can cause mortality. As physiological func tions are disn1pted at 
higher salini ty the combined effects of pestic ides and sa linity co uld be much more 
severe. 
[t is important to study the j oint ac ti vi ties of highl y tox ic substance like pestic ides and 
phys iologica l stressors like salinity as sa linity acts as a physiologica l stressor at low 
concentrations and as a tox icant at higher concentrati ons (Kefford et al. 2002). The 
outcome of such studies would ass ist in protecting aquati c organisms from the 
co mbined tox ic effects of sa linity and pestic ides. 
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1.5. Toxicity of mixtures 
1.5.1. Significance of pesticide mixtures 
In aquatic environments, compounds do not exist in isolation but rather are generally 
found as mixtures. The toxicity of mixtures of pesticides has attracted growing 
concern among researchers, since the combined effects of such mixtures are not fully 
known. The interactive toxicity of chemical mixtures is very important in 
ecotoxicological studies (Belden and Lydy 2000; Broderius and Kahll 1995; Faust et 
al. 2000; Hall and Anderson 1995; Marking and Dawson 1975; Van den Brink et al. 
1995) However, studies on mixture toxicity are relatively lin1ited. One reason for this 
could be "the complexi ty of experimental design and the large number of tests 
required for exhaustive examination of even fairly simple mixtures" (ECETOC 2001 ). 
1.5.2. Evaluation of pesticide mixtures 
A number of schemes and models has been developed for the evaluation and 
prediction of loxic relationships of mixtures . Bliss ( 1939) proposed that chemical 
constituents of a n1ixture can elicit similar action, dissimilar action, or interaction. 
Plakett and Hewlett ( 1952) refined this view and further categorised possible joint 
actions (Table 1.6) . 
Table 1.6: The four types of joint actions for mixtures developed by Plackett and 
Hewlett (1952). 
I 
Similar Joint Action Dissimilar Joint Action 
Non-interactive 
Simple similar Independent 
(concentration add ition , CA) (response addition, RA) 
Jnteract ive Complex simi lar Dependent 
The toxic unit (TU) approach proposed (Brown 1968; Sprague 1968) dicribes that the 
concentration of the toxicant is expressed as a proportion of its 50°/o effect 
concentration. So the toxic unit is derived by dividing the co ncent ration by the EC50 






where the subscript denotes the component 'i' of a mixture, while Ci is the aqueous 
concentration of component 'i' in a mixture and ECpi is the aqueous concentration of 
the component acting individually, which will cause a given toxic effect (e.g., 
EC/IC50). 
Marking ( 1977) proposed an additivity index for mixture toxicity evaluation. The 
toxic units of the components in the mixtures are added to express the total toxicity of 
the mixture. The treatments for the mixture toxicity experiments can then be 
expressed in TUs and the 50% effect can be derived using an appropriate method i.e., 
the US EPA Linear Interpolation method (Norberg-King 1998) or the Trimmed 
Spearman-Karber method (Hamilton et al. 1977). If the sum of the TU values for 
components of a 1nixture is 1 then the toxicity relationship is considered to conform to 
additivity. A deviation of less than 30o/o from additivity is considered as conforming 
to additivity while a deviation of grea ter than 30°/o is considered to confonn to either 
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Figure 1.2: An example of the plots used to indicate the type of toxicity 
interaction that occurs within the mixture. The concentrations of the mixture 
(expressed as toxic units, TUs) that caused a certain •1., effect is plotted. The solid 
line represents the expected additivity. Two dashed lines indicate the 30°/o 
deviation from additivity. Mixtures that lie to the right of the lower dashed line 
are classed as antagonistic, while those that lie to the left of the upper dashed line 
are classed as synergistic. 
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There are two main inherent features of the concentration addition model (CA). First, 
approximately 10 - 30o/o of mixtures (irrespective of the type of chemical) are 
antagonistic or synergistic, with each type of joint action being equally frequent, and 
about 70- 90% are additive (Deneer 2000; Faust et al. 1994; Ross and Wame 1997; 
Wame and Hawker 1995). Second, the CA model overestimates the effects and 
produces slightly higher estimates of the toxicity of mixtures than independent action 
(IA) where the chemicals have different mechanism of actions MeOAs (Backhaus et 
al. 2000a; Backhaus et al. 2000b; Chevre et al. 2006; Dyer et al. 2000; Faust et al. 
1994; Junghans et al. 2006) . 
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Figure 1.3: An example of the isobolographic plot used to indicate toxicity 
relationships i.e., additivity, antagonism and synergism. (al and a2 are the lower 
and upper confidence limits of EC/ICSO of chemical a, bl and b2 are the lower 
and upper confidence limits of EC/ICSO of chemical b. The band demarcated by 
al, bl, b2 and a2 is termed the additivity band. Mixture toxicity ECSO/ICSO 
values that lie outside arc statistically considered as being either antagonistic or 
synergistic. 
The most common way of presenting mixture toxicity data graphica ll y is using an 
isobologram. This is a two dimens ional graph with the concentrat ions (expressed in 
tenns of TU) of chemical ·a· and ·b · as the axes. The isobole linking the values on 
they and x axes with values of I TU is the line of concentrat ion nclclition (Figure 1.3). 
The EC/IC50 of s ingle chemica ls is a lso plotted on respective axis w ith their 
co nfidence limits. The upper confidence limit o f a and b and the lower confidence 
limit of a and b are linked. The TU \·alues of non-equitoxic mixtures that cause the 
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selected toxic effect (e.g., EC/IC50) are plotted on the isobologram (Wame 2003). If 
the values that cause the selected toxic effect lie above and to the right of the 
additivity line outside the confidence interval line then the mixture is antagonistic. If 
the values that cause the selected toxic effect lie below and to the left of the additivity 
line outside the confidence interval line then the mixture is synergistic. Values that are 
within the two confidence interval lines are additive (Altenburger et al. 1990; Warne 
2003). 
The limitations of this method are that the isobolographic method is only suitable for 
binary or tertiary mixtures because of the complexity of the experimental design , and 
the nun1ber of tests required to evaluate just one mixture. Therefore this approach is 
really only practical for rapid toxicity test methods such as the Microtox® bioassay. 
Another key limitation is the method used to determine if mixtures conform to 
antagonism, additivity or synergism. The reason for this is that the poorer the quality 
of the toxicity value (i.e., the larger the confidence interval) the 1nore likely it will be 
considered to be additive. Therefore, a different method recommended by ECETOC 
(200 1) was used to deten11ine the toxicity relationship. 
Simple mixtures (<5 compounds) show highly vmiab le toxicities (anything from 
highly an tagonistic to highly synergistic ); however, complex mixtures (> 5 
compounds) generally showed additive toxicity (Warne 1991 ). Based on this concept, 
Warne and Hawker (1995) put forward the Funnel hypothesis, which states that as the 
number of compon ents in a mixture increases there is an increased tendency for 
toxicity to be additive. Ross and Wame ( 1997) working on mixtures of chemicals with 
different MeOAs (973 mixtures) found that the mixtures concurred with this 
hypothesis. 
1.5.3. \Vater quality guidelines and pesticide mixtures 
The general lack of mi xture tox icity data and th e fs ct that the toxicity of a mixture can 
vary with the rel ative concentrations of its components ha s meant that in the past 
environmental wate r quality guid elines in mos t co untries have not incorporated 
mi xture to xicity data . The Australian and Ne\v Zealand Water Quality Guidelines 
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(WQGs) (ANZECC and ARMCANZ 2000) did not incorporate the toxicity of 
mixtures in the derivation of trigger values but it was incorporated into the process of 
implementing the guidelines. Recently, the toxicity of herbicide mixtures has been 
incorporated into the WQGs of Quebec, Canada (Ministere de l'envirorunent du 
Quebec 2001) and a mechanism to include herbicide mixture toxicity into the Swiss 
water-quality guidelines was proposed by Chevere (2006). 
Therefore, the establishment of baseline information on the combined toxic effects of 
salinity and mixtures of pesticide would serve an important purpose in further refining 
WQGs. 
1.6. Exposure duration for different toxicants 
The duration of exposure by orgamsms to toxicants plays an important role in 
modifying toxicity. Generally, as the duration increases the concentration at which 
toxic effects first commence decreases (Rand 1995). In the case of toxicants like 
salinity, exposure is very long-tem1, in the order of generations. With such long 
exposures there is always the chance that the expo ed organisms will develop either 
genetically or physiologically based tolerance to salinity. There are examples of 
development of tolerance as a result of long-tem1 exposure i.e. , to metals (Gale et al. 
2003; McLaughlin and Smolders 2001; Smolders et al. 2004; Tsui and Wang 2007). 
Therefore, short-te1m acute tests, which measure effects over a small portion of one 
generation provide little relevant infonnation. Chronic tests ar better but provide 
infom1ation on exposure for about a third of the lifespan of cladocerans. Life history 
tests provide information tased on the exposure of test organisms over their entire 
li fespan. Multigenerational experiments provide a complete picture of the effec ts of 
toxicants on the individual and at the population-level life-history traits over exposure 
periods relevant to sa linity. Therefore, it is important that multigenerational toxicity 
tests are conducted in order to understand the effects of sa linity on aquatic organisms. 
However, time constraints and the enormous amount of' resources required often limit 
uch multigeneration tox icity experiments. 
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Exposure of aquatic organisms to toxicants such as pesticides is different from that of 
salinity exposure. The concentrations of pesticides in the environn1ent depend on the 
spray pattern, their persistence and bioavailability amongst other factors ; they are 
therefore not static over long periods. In most cases pesticides occur in the 
enviromnent as pulses in relation to spray events over the growing season of a 
particular crop . So the bioavailable fraction of the chemical may be elevated for a 
short period and acute or chronic toxicity tests probably provide a reasonable estimate 
of likely toxic effects under such exposure scenarios. 
1.7. Effects on community-level exposure 
Single-species toxic ity tests provide information only for the species in question and 
cannot be extrapolated to the community-level. If there is more than one species 
representing different trophic levels covering primary producers, pti mary consumers, 
etc., con1munity-level information would be much more useful in evaluating 
community-level effects . One difficulty relating to these tests is that species 
representing different trophic levels cannot be tested in the same test container as 
predators will eat the prey. This is w hy mesocos1ns invmiably do not contain fish 
unless they are physically separated by barriers (Cardinale and Palmer 2002). Further, 
the cost and practical difficulties associated with mesocosm syste1ns lirnit the ability 
of researchers to conduct such studies frequently. For these reasons the OECD (1992) 
provides guidance on when such tests shou ld be conducted and the USEP A has 
withdrawn fund ing for assess ing pesticide impacts in mesocosms (Bradbury pers 
co mm ). T herefore, the mnj ority of toxicity data wil L in the nenr future, continue to be 
genera ted from single species tests and it is therefore vi tal that any po tential 
interactive effec ts are considered when interpreting or using si ngle spec ies toxic ity 
da ta . This should be possibl e if single species tox ic ity tes ts are co nducted using 
representati ves of dif ferent trophic leve ls (e.g. , alga re present ing primary produ cers 
and cladocerans representing primary co nsum ers). The two test spec ies D. corinota 
and P. suhcap itato are commonly fo und in NSW , Austra lia (Benzie 1986; Kobayas hi 
et a l. 2005) and are relevant fo r the study since they should co-ex ist in the sa me 
environm ent. 
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1.8. Aim and objectives of the study 
The aim of the present study was to determine the toxic effects caused by salinity and 
pesticides individually and their mixtures on a representative freshwater primary 
producer - the alga Pseudokirchneriella subcapitata and a primary consumer - the 
cladoceran Daphnia carinata . 
The specific objectives of the study were: 
To assess the population level effects and life-history traits of long-term 
exposure to elevated salinity on P. subcapitata and D. carinata; 
To determine the toxicity of elevated salinity and three selected pesticides, 
atrazine, molinate and chlorpyrifos, individually and in mixtures to P. 
subcap itata and D. carinata; 
To determine the toxicity of elevated salinity and three selected pesticides, 
atrazine, 1nolinate and chlorpyrifos, individually and in mixtures on P. 
subcapitata and D. carina la that had been acclimatised to eleva ted salinity fo r 
several generations; and to determi ne if the multigeneration acclimatisation 
changed the organisms· sensitivity to sal in ity and pesticides acting 
individually and in mixtures; and 
Thro ugh the above studi es to develop an undersumcl ing un pote nti a l effects of 
increased salini ty by itse lf and in combination with pesticides on Australian 
freshwater organi sms and to prov ide base line information for refining water 
qua lity guidelines. 
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Chapter 2 
Effects of multigenerational exposure to salinity on life history traits 
of the freshwater alga Pseudokirchneriella subcapitata 
2.1. Abstract 
Salin isation has been identified as a major threat to freshwater ecosysten1s. While 
many studies have focused on the effects of salinity on freshwater biota, none have 
examined the effects of exposing primary producers to elevated salinity for multiple 
generations. In the present study, the growth rate, number of cell divis ions per day, 
generation time and cell yield of the unicellular green alga Pseudokirchneriella 
subcapitata exposed to elevated salinities of 3000 and 6000 ).lS/cm over five 
successive 72 hour long (CO, C 1, C2, C3, C4) cultures (or approximately twenty cell 
doublings) were studied. Except for the second culture (Cl), both elevated salinities 
had significant (p ~ 0.05) adverse effects on the growth rate, number of cell divisions 
per day and generation time of P. subcapitata. 
Significant differences (p ~ 0.05) between cultures were observed (compared with the 
CO culture) in terms of the growth rate, cell divisions per day and generation time 
ind icating that stress induced by the elevated salinity persisted over the five cultures. 
There was no significant difference (p > 0.05) in cell yield between the three 
treatments in the first culture but in the second to fifth cultures both the elevated 
s ~linity trcntmcnts had ce ll yields significantly lower (p ::: 0.05) thnn th~t of the 
controls. 
T he observed effects on the li fe history parameters are probab ly due to salt induced 
effects on phys io logical functions such as osmoregula ti on, photosynthesis and 
metabo lism or the a lga. There could be direct toxic effects by individual ions to a 
lesser ex tent, since monova lant ions are dominant in sea wa ter. The res ults show that 
the exposure Of' P. S ll hCOj Ji /0/0 tO e levated sa lini ty fo r a pe ri od suffi cien t to permi t 
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approximately twenty cell doublings could adversely affect algal communities which 
in turn could affect the viability of aquatic food chains. 
2.2. Introduction 
The salinisation of inland aquatic systems has become a major environmental problem 
in some parts of the world and the situation is significant in Australia (Jolly et al. 
2001; Williams 1987). Although natural salinisation of landscapes does occur in 
certain localities this has been accelerated through human activities (Jolly et al. 2001). 
In Australia the accelerated rise in salinity in inland rivers and wetlands has occurred 
over 200 years since European settlement due to land clearing and agricultural 
practices. Pinder et al. (2005) reported salinities in inland water bodies in Western 
Australian wheat belt to range from <4300 to 140,000 ~-tS/cm, while Jolly et al. (2001) 
reported a mean increase of 4.37 ~tS/cm/year with a minimum of -6 .9 to a maximum 
of 139.5 ~-tS/Cin/year in streams in the Murrumbidgee Irrigation Area. 
The effects of salinity on Australian freshwater ecosystems are fairly well 
documented (Halse et al. 2003; Halse et al. 1998; Hart et al. 1991; James et al. 2003; 
Kefforcl 1998; Kefford et al. 2006; Kefford et al. 2005; Kefford et al. 2004; Kefford et 
al. 2003 ). Most of these studies have focused on freshwater invertebrates, but the 
aquatic plants, especially algae, have not been adequately studied. Green algae play 
an important role as primary producers in inland Australian aquatic ystems to support 
food webs and maintain ecosystem functioning (Douglas et al. 2005) . Therefore, it is 
necessary to understand the impacts of rising salinity on such species. 
In agricultural areas organisms living in such saline systems would also have been 
exposed to the gradua I increase in salin ity over this relatively long period. Such long-
teml exposures shou ld permit organisms to adapt to the rising salinity. Thus, acute 
and chronic toxicity experiments cannot provide a realistic picture on the life history 
traits or these organ isms . Multigeneration studi es provide more relevant and useful 
population leve l inf'ormation. 
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There is no published information on the effects of multigenerational exposure of 
freshwater organisms to salinity. Therefore, it would be pertinent to detennine such 
effects which are essential for conservation 1neasures of salt affected environn1ents. 
The objectives of the present study were: 
• To deten11ine multigenerational effects of salini ty on the life history traits of 
the green alga P. subcapitata exposed to elevated salinity over five successive 
cultures (i.e ., approximately 20 generations). 
• To determine whether there are changes in sensitivity of P. subcapitata to 
salinity as a resul t of exposure to elevated salinity over five successive 
cultures (i.e ., approximate ly 20 generations). 
2.3. Materials and Methods 
2.3.1 Test species 
The green alga Pseudokirchneriella subcapitata Hindak, formerly known as 
Selenastrum capricornutum, is a unicellular non-motile crescent-shaped ( 40 - 60 
~Lm3 ) alga that belongs to the family Chlorophyceae. The algal culture (American 
Type Culture Collection [A TCC No. 2:2662]) used in the present study was originally 
obta ined from the Centre for Advanced Ana lytical Chemistry, CSIRO. This species 
was selected as it: represents prirnary producers and as such acts as an important food 
source fo r herbivorous consumers such as cladocerans ; it is eC~sy to cu lture in the 
labora tory; it is extensive ly used in ecotoxico logy; clumping of ce ll s or formation of 
chai ns rarely occu rs thus enabling accurate enumeration using an e lectronic particle 
counter; it grows sufficiently rapidly to permi t an accurate measurement of cell yield 
after 7:2 hours; and it is modera tely sensi ti ve to a wide va riety of tox ic substances 
(Enviro nment Canada 1997). 
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2.3.2. The toxicant 
Sea water collected from Cronulla, NSW, was used to adjust the salinity of the 
laboratory water. Sea water was used as the ionic composition of Australian inland 
salt is similar to that of sea water (Bayly and Williams 1972). 
2.3.3. Algal cultures 
Stock cultures (plate cultures) of P. subcapitata were used to commence liquid algal 
cultures by aseptically transferring a loopful of algal culture to 1 00 mL of liquid 
culture medium (Table 2.1) in 250 mL sterile flasks. The liquid stock culture was 
grown on a shaker table in an algal culture room under continuous 'cool-white ' 
fluorescent lighting with an intensity of 4000 lux or 65 ± 5 !-!E s- 1m- 1 at the surface of 
the cultures and at 24 ± 1 °C. 
The stock culture was renewed weekly by aseptically transferring 1 to 2 mL of the 
previous week's culture into a 250 mL sterile t1ask containing 100 tnL of algal culture 
medium. The new stock cultures were in(;ubated as described above. 
In order to prepare the liquid culture medium five stock nutrient solutions listed in 
Table 2.1 were prepared using reagent grade chemicals and polished deionised water. 
Then 1 mL of each tock nutrient solution was added to 900 mL ofMilli-Q water in a 
vo lum etric flask. The volume was made up to 1 L with Milli-Q water, mixed well , 
and the pH adjusted to 7.5 ± 0.1 using 0.1 M NaOH or HCl as appropriate. The final 
concentrations of the nutri ents followed those of the US EP A ( 1994b) and 
Environment Canada (1997) culture media for P. suhcopitoto . The alinity of algal 
culture media is 100 ~LS/cm and this sa linity is a result of the addition of all the 
nutrients which provide optimum conditions for the alga l growth . Therefore the 
salinity of the algal control cultures was 100 ~LS/cm and this was referred to as the 
·normal salinity" for P. .\·uhcoeitoto . 
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The new culture medium was immediately filter-sterilised through a 0.22 11m 
membrane filter into a pre-autoclaved 1 L Schott bottle. The filter sterilization process 
was undertaken in a laminar flow cabinet using a sterile vacuum and pre-sterilised 
disposable 0.22 11m filters. This sterile medium was kept in the fridge at 4°C when not 
in use to avoid contamination (Environment Canada 1997). 
A monthly check on the quality of P. subcapitata in the cultures was performed by 
microscopic examination. The cultures were examined in terms of cell morphology, 
colour, clumping of cells , absence of bacteria or yeast, and measuring their relative 
sensitivities to a reference toxicant (sea water). 
Table 2.1: Nutrient stock solutions used for the algal culture medium and for the 
dilution water used in toxicity tests (Environment Canada 1997). 
Stock solution Chemical compound 
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2.3.4. Experimental design 
The procedure used for the multigeneration experiment was similar to the 72 hour 
growth inhibition test used by the USEP A (1993) and Enviromnent Canada (1992). 
Modifications were that 6 mL vials were replaced by 200 mL conical flasks and rather 
than discarding the cultures after 72 hours they were used to start the next culture at 
its corresponding salinity . 
The multigenerational tests consisted of two salinity treatments (3000 and 6000 
~tS/cm) and a control (with a salinity of 100 ~tS/cm - the salinity of the algal medium) . 
The salinity of the treatments was selected based on their relevance to field salinity 
conditions in Australian inland waters (Kefford et al. 2004, Pinder et al. 2005) and 
based on the results of chronic salinity toxicity tests. Since the endpoint should be 
based on the inhibition concentration it was decided not to exceed 60o/o inhibition of 
algal growth in order to exert sufficient toxic effect and to have sufficient viable cells 
to c01nplete the multigeneration tests. At the salinity level of 6000 ~S/cm there were 
about 55o/o inhibition of growth on average (based on the chronic test results 
conducted for salinity reference toxicity tests, refer Chapter 3 ). 
There were five replicates for each treat1nent. These test media were prepared by 
mixing appropriate amounts of filtered (by 0.22 ~m fdter}, UV -sterilised and aerated 
seawater with the Milli-Q water prior to the addition of the nutrient solutions 
described in Table 2.1. The test volumes were 100 mL contained in 200 mL conical 
fl<L ks. In e1ddition. two replice1tes ee1ch of a control bla nk and sample blank wh ich 
consisted of diluent water and test solution without algae were prepared. Of the five 
replicates of each salinity treatmen t, four were used for detennining cell yield at the 
end of the test, while the fifth replicate was used for measuring physico-chemical 
parameters (temperature, pH, sali nity and disso lved oxygen) of the test solutions at 
the beginning and end of the test. 
To initiate the multi generation tests, a four- to seven-day old culture of exponentia lly 
growing algae was v,:ashecl to remove the old culture medium. This was done by 
centri fu gi ng, decanting and resuspending the alg<1l cells in new algal medium four 
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times, the last resuspension being in approximately 20 mL of new algal medium. The 
density of the algal suspension (the inoculum) was dete1mined and the vo lume 
required for 1 x 104 cellslmL to be inoculated into the 100 mL test solutions was 
calculated. The calculated volume of inoculum was added to each of the test solutions 
but not to the blank solutions. The inocula were thoroughly mixed and cell densities 
in each flask were measured and recorded. Then all solutions were incubated at 24 ± 
1 oc for 72 hours on a shaker table under cool white light with a light intensity of 4000 
lux at the surface of the test solution. 
After 72 hours, the cell densities in all the test flasks were counted using an electronic 
particle counter (LiQuilaz-E20 with a liquid sampler LS200 and a software package 
APSS-View2 1 CFR11 ). At this time each existing culture was terminated and new 
cultures were started using the corresponding previous cultures prior to being 
terminated and cell densities of the new cultures were recorded. P. subcapitata were 
exposed to the above salinity treatments in five success ive cultures start ing with 
culture one (CO) and four subsequent cultures (i .e., C l , C2, C3 and C4). The grow th 
rates, doubhngs per day and generation time were calcula ted for each culture using 
the recorded cell den ities at the beginning and end of each culture. 
The growth ra te (K'), nmnber of cell divisions per day and the generation time (T) 
were calculated using fo llowing equations (CSIRO 2005). 
K' = Ln (N2 I N 1) I ( t2 - t 1) (1 ) 
\V here N 1 and N:2 = biomass at time 1 ( t1) and time :2 (l2) respccti\'c ly. 
ce ll divisions per day = K' I Ln2 (2) 
T = 1 I no. divis ions per day (3 ) 
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2.3.5. Statistical analysis 
The data were tested for homogeneity and normality using Bartlett' s test and Chi 
squared tests. If the data did not meet these assumptions they were appropriately 
transformed before further analysis. The data were analysed using ANOV A and 
subjected to pair-wise analysis using Dunnett 's test to compare variations between 
treahnents in each culture (Meyer et al. 1987). Based on this, the concentrations 
statistically different to that of the controls of each culture were determined. 
Differences between cultures were analysed using the standard error of the difference 
test (Sprague and Fogels 1977). 
2.4. Results 
The ranges of each physicochemical property measured in all treatments of all the 
toxicity tests were within the acceptable limits. The variations in the growth rates, 
divisions per day and generation tim e are graphically illustrated for each culture in 
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Figure 2.1: Variations in mean growth rate, cell divisions per day and generation 
time in the CO culture of Pseudokirchneriel/a subcapitata. I Error bars: standard 
error of the means, * indicates endpoint significantly different (p _::: 0.05) to that 
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Figure 2.2: Variations in mean growth rate, cell divisions/day and generation 
time in the Cl culture of Pseudokirchneriella subcapitata [Error bars: standard 
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Figure 2.3: Variations in mean growth rate, cell divisions/day and generation 
time in the C2 culture of Pseudokirchneriel/a subcapitata [Error bars: standard 
error of the means, * indicates endpoint significantly different (p ~ 0.05) with 
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Figure 2.4: Variations in mean growth rate, cell divisions/day and generation 
time in the C3 culture of Pseudokirchneriella subcapitata [Error bars: standard 
error of the means, * indicates endpoint significantly different (p ::: 0.05) with 
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Figure 2.5: Variations in mean growth rate, cell divisions/day and generation 
time in the C4 culture of P,,;eudokirchneriella subcapitata !Error bars: standard 
error of the means, * indicates endpoint significantly different (p ::: 0.05) with 
that of the control ( J 00 ~S/cm)j. 
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In the CO culture the 3000 ~S/cm treatments growth rate and cell divisions per day 
were significantly lower (p :S 0.05) and generation time was significantly higher (p :S 
0.05) than that of the control. None of the parameters in the 6000 ~S/cm treatment 
were significantly different (p > 0.05) from those of the control (Figure 2.1). None of 
the parameters were significantly different (p > 0.05) to those of the control in the Cl 
culture (Figure 2.2). 
In the C2 culture, growth rate and cell divisions/ day at 3000 ~S/cm and all three 
parameters at 6000 ~S/cm were significantly different (p :S 0.05) to those of the 
control (Figure 2.3). The three parameters at 3000 ~S/cm were significantly different 
(p :S 0.05) in the C3 culture but no parameters were significantly different (p > 0.05) 
to those of the control at 6000 ~S/cm (Figure 2.4) while all three parameters in the C4 
culture at both 3000 and 6000 ~S/cm were significantly (p :S 0.05) different to those 
of the control (Figure 2.5). 
There were no significant (p > 0.05) differences in cell yield in the CO culture (Table 
2.2). However, in all subsequent cul tures (i.e ., C 1 to C4) cell yields were significantly 
lower (p :S 0.05 ) for both elevated saJinities (i.e . 3000 and 6000 ~S/cm) compared to 
that of the controls (Ta ble 2.2). 
Table 2.2: Statistical comparisons of the Pseudokirchneriella subcapitata cell 
yield (cells/] 00 mL) ± SE in the 3000 and 6000 !J.S/cm salinity treatments with 
that of the controls (i.e., 100 ~S/cm) for each culture. 
Cultures Control 3000 f.!S /cm 6000 ~S/cm 
100 J-LS!cm 
CO 174. 9 ± 9. 3 143.9 ± 17.4 157 .8 ± 4 .0 
Cl 174.6 + 15. 0 108.5* + 22.7 98.8* ± 16.3 
C2 151.5 + 29. 8 56.6* + 12.8 53.9* + 7.5 
C3 171.2 + 13.3 51 .2* + I 0 .4 52.1 * + 5. 2 
C4 143.4 + 17.4 41. 8* + 9.2 49.4* + 5.8 
*= significantl y different (p :S 0.05) to the ce ll yie ld of the control. 
Table 2.3 summari ses the values for growth rate, di visions per day, generation time 
and cell yield ror each culture and treatment and statistical comparisons o f the 
parameter va lues lor each culture (i .e. , C 1 to C4) w ith those or the CO culture. 
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In the control treatment (100 !J.S/cm), except for the C4 culture, other cultures (Cl, C2 
and C3) were significantly different (p S 0.05) to the CO culture in terms of the 
growth rate, cell divisions per day and generation time. The C4 culture was 
significantly (p S 0.05) lower than that of CO culture for cell yield, but the Cl - C3 
cultures were not significantly different (p > 0.05) from the CO culture 
The growth rate at 3000 ~tS/cm was significantly greater (p S 0.05) in the Cl culture, 
and significantly sn1aller (p S 0.05) in the C3 and C4 cultures and in the 6000 !J.S/cm 
treatment the C2, C3 and C4 cultures were all significantly smaller (p S 0.05) than 
that of the CO culture. 
Significant increases (p S 0.05) in cell divisions per day were observed in the Cl 
culture, but in the C3 and C4 cultures significant (p S 0.05) decreases occurred at 
3000 !J.S/ctn compared with that in the CO culture. For the 6000 !J.S/cm treatment cell 
divisions per day in the C2, C3 and C4 cultures were all significantly smaller (p<0.05) 
than that in the CO culture. Generation time significantly increased (p S 0.05) in the 
C2, C3 and C4 cultures at both the 3000 and 6000 ~LS/cm treatments compared with 
that in the CO culture. 
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Table 2.3: The growth rate, cell divisions per day and generation time of 
P d k. I . 11 b .t t . th th t t t f h It seu o trc 1nerte a su capt a a m e ree rea men s or eac cu ure. 
Parameter Salinity CO Cl C2 C3 C4 
treatment 
(J.!S/cm) 
Growth 100 1.09 1.20* 1.18 * 0.93* 1.12 
rate (Cells (1.07-1.11) (1.17- 1.29) (1 .16- 1.21) (0.91 - 0.96) (1.07-1.17) per day) 3000 1.02 1.08* 1.00 0.74* 0.87* 
(0.99- 1.05) (1.03- 1.13) (0.94 - 1.06) (0.69 - 0.80) (0.81 - 0.93) 
6000 1.06 1.09 0.96* 0.84* 0.93* 
(1.05- 1.06) ( 1. 03 - 1. 15) (0.91 - 1.01) (0.81 - 0.86) (0.92- 0.93) 
Divisions 100 1.58 1.72* 1.71* 1.35* 1.62 (per day) ( 1.55 - 1.60) ( 1.69- 1.76) (1.67- 1.74) (1.32 - 1.38) ( 1.55 - 1.68) 
3000 1.47 1.56* 1.40 1.07* 1.26* 
(1.43- 1.51) ( 1.49 - 1.62) (1.36 - 1.53) (0.95- 1.00) (1.17 - 1.35) 
6000 1.53 1.57 1.39* 1.21 * 1.35* 
( 1.52- 1.53) (1.49- 1.66) (1.32 - 1.46) (1.17- 1.24) ( 1.33 - 1.36) 
Generation 100 0.64 0.58* 0.59* 0.74* 0.62 
time (days) (0.63 - 0.65) (0.57- 0.59) (0.58 - 0.60) (0.73- 0.76) (0.60 - 0.65) 
3000 0.68 0.65 0.70* 0.95* 0.81 * 
(0.67- 0.70) (0.62- 0.68) (0.66 - 0.75) (0.89 - 1.02) (0.75 - 0.86) 
6000 0.656 0.64 0.73* 0.83 * 0.75* 
(0.65 - 0.66) (0.61 - 0.68) (0.69- 0.76) (0.81 - 0.86) (0.74 - 0.76) 
Cell Yield lOO 174.9 151.5 143.4* 
(Cells/l OO (165.6- 174 .6 (l21.8- 171 .2 (126 .0-
Ml) 184 .2) ( 159.6- 189.7 ) 18 1.3) (1 58.0- 184.5) 160.7) 
3000 143.9 
( 116.0- 10 .5* 56.6* 5 1.2 * 41. 8* 
161.8 ) (85 .8- 13 1.1) (43.8 - 69 .4) (40 .9- 6 1.6) (32.5 - 51.0) 
6000 157.8 
(1 53.9- 98.8* 53 .9* 52.1 * 49.4 * 
I 
J 6 1.8) (R2 .5 - 115.2) ( 46 .4 - 6 l .4) (46.9- 57.2) (43.6- 55.2) 
* Significantly different (p 'S 0.05) from those of th e CO culture 
Significantly smJller (p 2: 0.05) cell yields were observed in the Cl - C4 cultures in 
both alinity treatments (3000 and 6000 pS/cm) compared with that of the CO culture. 
2.5. Discussion 
In tei111S or the growth rates, ce ll division rates and generation times the 3000 ~LS/cm 
treatment in the CO and CJ cul tures clnd both the 3000 and 6000 pS/cm treatments in 
the C2 and C4 cultures \Vere significantly (p ::; 0.05) different from their respective 
co ntrols . This indicates that elevated salin ity ackcrsely affec ted lif'e hi story traits of 
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the alga P. subcapitata over the generations. Both salinity treatments in C 1 and the 
6000 ).lS/cm treatment in CO and C3 were not significantly (p > 0.05) different from 
that of the controls. There are some possible explanations for these observations. 
Exposure to the toxicant could sometimes induce stimulatory effects at low 
concentrations, which is termed hormesis (Calabrese 2005; Kefford et al. 2008). The 
maximum response from hormesis is typically modest (30-60% greater than controls) 
and often affects different endpoints at different concentrations (Calabrese 2005). 
This was observed for different endpoints for salinity for freshwater insects (Hassell 
et al. 2006; Kefford et al. 2008). Another reason could be that there was a shift in the 
threshold salinity caused negative effec ts in multigenerational exposure to salinity. 
Such effects are dependent on the concentration of the toxicant as well as the nmnber 
of generations that are exposed to the toxicant (Rose et al. 2002a) and found similar 
types of variations in the concentrations of chemicals at which adverse effects were 
observed on life-history traits. 
There were no significa nt variations (p > 0.05) in alga l ce ll yield (Table 2.2) among 
the treatments in the CO culture, which indicates that healthy alga used to comn1ence 
the tests were able to cope vvith exposure to salinity of 3000 and 6000 ~tS/cm. In all 
subsequent cultures algal populations in both high salinity treatments were 
significantly (p ~ 0.05) different from their corresponding controls. The 
commencement of effects on ce ll yield was rapid (i.e., within 72 hours) . Thus after the 
f]rs t culture, a salinity of at least 3000 pS/cm would detrimentally affect life history 
traits of P. ;;whcopitota. The persis tence of the effects of elevated salinity over 
subsequent cultures indicate that while the alga can survive under the 'e conditions 
that they do not develop tolerance to sa linity. 
There were significant variations between the cultures in terms of growth rates, cell 
di visions per day, generation times and cell yield (Table 2.3). Thi s indicates a 
reducti on in sa lt tolera nce of the alga over severa l generations of exposure. 
Elevated sa linity affects osmoregul ation in algae as we ll as changing their membrane 
perm ea bility (Reed 1984 ). The changes in osmotic pressure of the cellular fluid of 
al ga l ce ll s as a result of th e hi gh salinity in the external medium can lead to disruption 
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of physiological functions such as photosynthesis (Allakhverdiev et al. 2000) . 
inhibition of photosynthesis in turn, can affect all cellular functions due to a reduction 
of available energy. Elevated salinity has also been reported to affect phosphorus 
uptake and metabolism in algae (Rai and Sharma 2006) . Even though the experiments 
in the present study were conducted under optimum nutrient conditions, it is clear that 
algal populations were negatively affected by increasing salinity to 3000 1-1S/cm. In 
the environment where nutrient conditions are unlikely to be optimal, even stronger 
effects may be experienced by algal populations. 
Apart from osmosis related effects, individual ions in salt can have toxic effects on 
the algae (Cleave et al. 1981 ). The extent of adverse effects of n1etal ions depends on 
the ratio of monovalent to divalent ions (Cleave et al. 1981 ). The composition of 
Australian inland water is similar to that of seawater. The order of dominance of 
concentrations of cation and anions in sea water and in inland water bodies in 
Queensland is Na>Mg>Ca>K and Cl> S04>HC03 (Bayly and Willimns 1972). The 
sea water that was used in the present study is dominated by less toxic monovalant 
ions (e .g., Na +and er) and therefore the extent of their toxic effects would not be as 
high as with other sources of elevated salinity uch ns mine effluent in which the 
divalent and heavy metal concentrations are higher (Kennedy et al. 2003). 
2.6. Conclusions 
The fact that exposure of P. subcapitata to salinity over several generat ions 
suppressed growth ra tes, cell division rates, and increased generation times shows that 
nega tive impncts on the viabil ity of the a lga in sa lt affected envi ronments can occ ur Jt 
a sa linity of 3000 ).lS!cm . Such impacts on the algae which are pri1nary producers in 
aquatic environments in turn may affect the existence of spec ies in hi gher trophic 
levels of food chains in the environment. 
Generally, the effect of elevated sa linity on th e life hi story traits was grea test in th e 
seco nd and third cultures and then levelled off or showed slight recovery in 
subsequent cultures. However, for a ll traits the deleterious impact persisted for the full 
fi ve success ive cultures. 
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Chapter 3 
Chronic toxicity of salinity and the pesticides atrazine, molinate and 
chlorpyrifos individually and as mixtures to the freshwater alga, 
Pseudokirchneriella subcapitata 
3.1. Abstract 
Many inland waterways are expenenc1ng mcreasmg salinity in conjunction with 
continuing pollution by pesticides associated with agriculture. The effects of salinity 
and pesticides individually have been studied and are well docmnented. However, 
there is no published information on the effects of mixtures of pesticides and salinity 
on freshwater algae. The present study determined the chronic toxicities (72h 
inhibition of growth) of salinity and three pesticides~ atrazine~ molinate and 
chlorpyrifos individually, in mixtures of individual pesticides and salinity, in 
equitoxic mixtures of pesticides, and in mixtures of the three pesticides and salinity to 
the freshwater alga, Pseudokirchneriella suhcapitata. 
The individual toxicities (72-hour ICSO values) of salinity, atrazine, molinate and 
chlorpyrifos to P. subcapita!a were approximately 5600 ~tS/cm, 48 ~Lg/L, 300 ~Lg/L, 
800 ~g/L, respectively. Atrazine had a very high chronic toxicity to P. subcapitata 
while molinate and ch lorpyrifos were highly toxic. The toxicity of the mixtures of 
alr8zine and sc:llinity, <:1 ncl of molinate <:md so linily C\)nf\.)nned tu mld itivity. ln c<.n1lrosL 
the mixture of chlorpyrifos and salin ity confonned to antagon ism. The eq uitoxic 
mixtures of pesticides and the mixtures of multipl e pesticides w ith sa linity confonned 
to add itivity and antagonism approximately 50o/o each, whi le synergism accounted for 
less than 2o/o. Thus, suffic ient protec tion for the freshwa ter a lgal spec ies from the 
atraz ine, molinate and chlorpyrifos mixtures in combination wi th sa linity can be 
ach ieved if addit ivity of the tes t toxicants is considered in the devel opment of \Va ter 
quality guide lines. 
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3.2. Introduction 
Salinisation in inland Australia is a senous problem to freshwater environments. 
Salinisation affects freshwater organisms inhabiting such environments through toxic 
effects and physiological stress. The consequences of increasing salinity are well 
documented (Halse et al. 1998; Hart et al. 1991 ; James et al. 2003; Kefford 1998; 
Kefford et al. 2006; Kefford et al. 2005; Kefford et al. 2002; Kefford et al. 2004; 
Kefford et al. 2003; Nielsen et al. 2003). In Australia salinity is especially conunon in 
irrigated agricultural areas (Hart et al. 1991; Pinder et al. 2005). In such areas, there is 
also additional pressure on aquatic environments arising from pesticides used for crop 
protection. 
The toxicity of single toxicants and mixtures of toxicants can adversely affect 
individual species and communities in aquatic environments. Evaluation of the effects 
of toxicants on primary producers such as unicellular algae is extremely important in 
determining the viability of such communities. The freshwater alga 
Pseudokirchnerief!a subcapitata has been used extensively to detetmine the effects of 
toxicants and stressors in aquatic environments (Phyu 2004; Rojickova-Padrtova and 
Marsalek 1999; Sabater and Carrasco 1998; Wame et al. 1998). However, infonnation 
on the effec ts of sa linity on fre hwater primary producers is extremely rare. One 
example is the study of Cleave et al. ( 1 980) on the toxicity of sa linity and different 
ions on Se/enostnun capricornurum (now called P. subcapitata) and Sy nedra 
delicotissmo, vvhich found that P. suhcopitota was relati ve ly more sensitive compared 
wi th S. delico!issmo to a variety of salts. In contrast the effects of pesticides on non-
target species including freshwater algae have been extensively tudied (Ma et al. 
2006; Sabater and Carrasco 200 l ; Sancho 2003; Van Donk et al. 1992). 
Information on the toxic ity of mixtures of metals (Wong and Beaver 1980), 
dissimilarly ac ting chemicals (Faust e t al. 2003 ), pesticides (Fairchild et al. 1994; 
Faust et a l. 200 I; Kungolos et a l. 1999; Van den Brink et al. 1995), so lvents and 
pesticides (Bailey et al. 2000; Jay 1996), and who le ef'O uent (Bailey et a l. 2000) to 
freshwater algae is available. However, the comb ined effec ts of sa linity and 
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pesticides, and salinity and multiple pesticide mixtures have not been studied m 
relation to freshwater algae. 
The objectives of this study were to determine the chronic toxicity of: 
• atrazine, chlorpyrifos, molinate, and salinity individually toP. subcapitata. 
• mixtures of these pesticides individually and salinity toP. subcapitata,· 
• equitoxic mixtures of these pesticides toP. subcapitata; and 
• these pesticides as multiple mixtures and salinity toP. subcapitata. 
3.3. Materials and Methods 
3.3.1. Test species 
The green alga Pseudokirchneriella subcapitata Hindak, formerly known as 
Se fenastrum capricornutum, is a unicellular non-motile crescent-shaped alga ( 40-60 
~m3) belonging to the Family Chlorophyceae. The algal culture used in the present 
study (i.e., American Type Culture Collection (A TCC No. 22662]) was maintained at 
the UTS/NSW DECC Centre for Ecotoxicology laboratory and was originally 
obtained from the CSIRO Centre for Advanced Analytjcal Chemistry, Lucas Heights , 
NSW. This species was selected as it: represents primary producers as an important 
food source for herbivorous consumers such as cladocerans; is easy to culture in the 
labo ratory; is extensively used as a test species in ecotoxicology; rarely has clumping 
or ce ll s or form<1tion of ch0in .. . thu s enabling accurate numeration using a particle 
co unter; grows sufficiently rapidly to permit accurate measurement of cell yield after 
72 hours; and is moderately sensi ti ve to a range of toxic substances (Environn1ent 
Canada , 1997). 
].3.2. Toxicants 
The pesticides used in the study were atrazine (6-chloro-N2-ethyi-N'-isopropyl-l, 3, 
5- tria zin e-:2, 4-cli8mine~ CAS No-1912-:24-9), chlorpyrifos (0,0-Diethyl-0-(3 ,5,6-
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trichloro-2-pyridinyl) phosphorothioate, CAS No. 2921-88-2) and molinate (s-ethyl 
N, N-hexa methylene thiocarbamate; CAS No-2212-67-1). All were all reagent-grade 
technical chemicals (2=: 97%) purity). These pesticides were selected because they are 
among the most commonly used in Australian agriculture (Bowmer et al. 1998, 
Thomas et al. 1998). Stock and working solutions of the pesticides were prepared in 
analytical-grade (99°/o purity) acetone as the carrier solvent. The stock solutions were 
stored in a freezer at -4 °C and all working solutions were prepared immediately 
prior to use. 
Sea water collected from Cronulla, NSW, was used as the source of salinity for all 
toxicity tests that required elevated salinities as the ionic composition of Australian 
inland salinity is essentially similar to that of sea water (Bayly and Williams 1972). 
3.3.3. Algal cultures 
Culturing of the algae was conducted according to the methods described in the 
(USEP A 1994a) and (Environment Canada 1992) documents . Details of the culture 
methods are desCiibed in Chapter 2. 
3.3.4. Experimental design 
The toxicity experiments for P. subcapitata were conducted in four groups. 
3. 3. 4.1. Group I e.\pcriments 
Group 1 expetiments consisted of chronic toxicity tests with individual toxicants, i.e ., 
salinity, atrazine, chlorpyrifos and molinate. The results of individual toxicities were 
used to detennine the concentrations of pesticides to be used in the mixture toxicity 
tests. 
3. 3. 4. 2. Group 2 experiments 
Group 2 experiments consisted of toxicity tests for mixtures of salinity and individual 
pesticides (i.e. , sa linity/atrazine, sal inity/chlorpyrifos, and salini ty/molinate). The 
mixtures were made using a single concentration of the pesticides (i .e., the 
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concentration that causes 50% inhibition of algal growth - IC50 value) with variable 
concentrations of sea salt (Table 3.1 ). Ideally the total TUs for each treatment of each 
mixture should be identical but small variations do occur. The TU values were based 
on measured concentration values of each pesticide in the mixtures (Table 3.1 ). 
Table 3.1: The measured composition of each treatment of the individual 
pesticide and salinity mixtures expressed in terms of toxic units (TU) of the 
r ·t d f th t t 1 · t sa 1n1ry an 0 e o a mix ure. 
Treatment Toxic Total TU Total TU Total TU 
contribution atrazine/salinity molinate/sa linity chlorpyrifos/salinity 
from salinity 
(TU) 
Control 0.0 0.00 0.00 0.00 
1 0.0 0.93 0.89 0.86 
2 0.18 1.11 1.06 1.03 
3 0.36 1.28 1.24 1 .2.1 
4 0.71 1.64 1.60 1.57 
5 1.07 1.99 1.95 1.92 
~---------------
6 1.42 2.35 2.31 2.28 
3. 3. 4. 3. Group 3 experiments 
Group 3 experin1ents consisted of equitoxic mixtures of the individual pesticides (i.e., 
atrazine I 1nolinate, atrazine I chlorpyrifos, chlorpyrifos I molinate, atrazine I molinate 
I chlorpyrifos). In this set of experiments, each treatment consisted of pesticide 
concentrations representing equally toxic contributions from eac h pesticide (termed 
equitoxic mixtures of the pesticides) (Table 3.2) . Ideally the total TUs for each 
treatment of each mixture should be identical but small variati ons did occur. The TU 
values were based on mea ured concentration values of each pesticide in the mixtures 
(Table 3.2) 
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Table 3.2: The measured composition of each treatment of the equitoxic pesticide 
. t d t .t (TU) m1x ures expresse as OXIC Ulll S 
Treatment Total Toxic Units in each mixture 
Atrazine/ Atrazine/ Molinate/ Atrazine/ 
molinate chlorpyrifos chlorpyrifos molinate/ 
chlorpyrifos 
Control 0.00 0.00 0.00 0.00 
1 0.23 0.22 0.22 0 .22 
2 0.45 0.45 0.44 0.44 
3 0 .91 0.89 0.87 0.89 
4 1.36 1.34 1.3 1 1.33 
5 1.81 1.78 1.74 1.78 
3.3 .4.4. Group 4 experiments 
In group 4 experi1nents, the toxicity of complex combinations of pesticides with 
salinity (i .e., atrazine I tnolinate I salinity, atrazine I chlorpyrifos I salinity, tnolinate I 
chlorpyrifos I salinity, atrazine I molinate I chlorpyrifos I salinity) to P. subcapitata 
was studied. This was carried out with fixed toxicity contributions of pesticides, i.e., 
the n1ixture totalling 1 TU, with increasing concentrations of salinity (Table 3.3). 
Ideally the total TUs for each treatment of each mixture should be identical but small 
variations did occur. The TU va lues were based on measured concentration values of 
each pe ticide in the mixtures (Table 3.3). 
Table 3.3: The measured composition of each treatment of the complex mixtures 
of pesticides and salinity expressed in terms of toxic units (TU) of the salinity and 
of the total mixture. 
Tr-eatment I Toxic I Tota l TU 
I 
Total TU Total TU 
I 
Total TU 
, contribution 1 atra.dnc/ atnlZine/ molinate/ atrazine/ 
from sali ni ty molinate/ chlorpyrifos/ chlorpyrifos/ molinate/ 
(TU) salinity salinity salinity ch lorpyrifos 
/salini ty 
Contro l 
0 .0 0.00 0 .00 0.00 0.00 
I 0.00 0.91 1.00 0 .87 0.89 
r- - -
2 0.18 1.08 1.1 8 1.05 1.07 
3 0.36 1.26 1.36 1.23 1.25 
4 0.71 1.62 1.71 1.58 1.60 
5 1.07 1.97 2.07 1.94 1.96 





3.3.5. Test method 
The 72 hour growth inhibition test is a static test that assesses the chronic toxicity of 
toxicants to the freshwater unicellular green alga P. subcapitata. The procedure 
followed the UTS/NSW DECC Centre for Ecotoxicology Manual (2005), which was 
adapted from the USEP A (1993) and Environment Canada (1992) documents. In 
brief, exponentially growing P. subcapitata was exposed to a series of concentrations 
of the toxicant or mixtures in a static system for 72 hours under defined conditions. 
The growth of the algae exposed to the treatn1ents was compared with that of algae in 
the diluent control (liquid algal culture medium) . The growth of the algae was 
determined by cell yield, which is the change in the number of algal cells over the 
duration of the test. 
Each toxicity test consisted of a control and solvent control where appropriate, and 
either five or six concentrations of the toxicant, each with five replicates. In the tests 
with individual toxicants, equitoxic tnixtures, and salinity with pesticide mixtures five 
toxicant treatments were used while for the individual pesticides and salinity mixtures 
six toxicant treatments were used . The test volume was 6 mL contained in 20 mL 
scintillation vials. Jn addition, two replicates each of a control blank and sample blank 
which consisted of diluent water (liquid algal culture medium) and test solution 
w ithout algae were prepared. Of the five replicates of test solu tions for each 
treatment, four were used for determining algal density at the end of the test, while the 
fifth rep licate was used for measuring physico-chemical parameters (temperature, pH, 
salinity and di sso lved oxygen) of the test solutions at the beginning and end of the 
test. 
The volume of the scintiiiation vials was not large enough to pen11it quantification of 
the pesticides. Therefore, the surface area to vo lume ratio of the scintillation vials was 
calculated (which was 3. 7/cm). Clear sc rew-capped bottles with a simi lar surface area 
to vo lume ratio had a proportionate vo lume of tes t solution (i.e . 25 mL) added. Six 
replicates from each of the lowest, intermediate and highest concentrations (a total of 
18 bottles) or the test treatments were prepared using identical procedures to those 
described above . Three replicates for ench concentration (9 bottles) were imm ed iate ly 
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analysed for pesticide concentrations. The remainder were incubated under identical 
conditions as the algal toxicity test treatments for 72 hours and the pesticide 
concentrations were then detem1ined using the methods described below. 
Three hours before initiating a test, a four to seven day-old culture of exponentially 
growing algae was washed to remove the old culture medium. This was performed by 
centrifuging, decanting and resuspending the algal cells four times in 20 mL of new 
liquid algal culture medium. The density of the washed algal suspension (the 
inoculum) was determined and the volurrte required to achieve a final cell density of 1 
x 1 04cells/mL once the algae was added to 6 mL of test solution was calculated. This 
volume of inoculum was added to each of the test solutions apart from the blank 
solutions. All solutions were incubated at 24± 1 oc for 72 hours on a shaker table under 
cool white light with a light intensity of 4000 lux at the surface of the solutions. 
The measured endpo.int for the test was inhibition in growth of P. subcapitata, 
expressed as the reduction in cell yield relative to that of the control after 72 hours' 
exposure to the test so lutions. After 72 hours, the cell densities in all the test vessels 
were counted using an electronic particle counter (LiQuilaz-E20 with a liquid sampler 
LS-200 and a software package, APSS-View-21 CFR1 1 ). Cell yield and percent 
effect (reduction in eel! yie ld) relative to that of the controls were calculated. The 
recommended statistical endpoint was the estimated concentration that exerts a 50o/o 
growth inhibition effec t - the ICSO value. 
A reference tox icant test using sea wa ter was run concunentl y with each set of 
toxicity tests using the sa me algal suspension as that fo r the toxicity tests. The 
reference toxicant tests were conducted using identical procedures to those of the 
algal tox icity test described above. Results of the reference toxici ty tes ts were 
compared to a cumulative summary (Cusum) chart to assess the acceptability of each 
batch of test organi sms. C usum charts were establi shed fo llowing the methods of the 
(Environment Canada 1990). 
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The algae toxicity tests were considered valid if the: 
• average algal cell density in the test medium control after 72 hours was at least 
16 x 104 cells/mL; 
• coefficient of variation (CV = SD I mean) of cell density m the control 
replicates did not exceed 20o/o; and 
• the IC50 value obtained for a reference toxicant test was within two standard 
deviations (±2 SD) of the mean IC50 values from the Cusum chart. 
3.3.6. Evaluation of mixture toxicity 
The toxicity of individual components in mixtures and the mixtures the1nselves were 
expressed as toxic units (TUs) using the method described by Brown (1968). 
Typically the TU is calculated using, 




where the subscript denotes the component . i. of a mixture, while ci is the aqueous 
concentration of component ·r in a mixture and ECpi i ~ the aqueous concentration of 
the component acting individually, which will cause a given toxic effect (e.g. ICSO, 
IC20 values). In the present study the term ECpi was always the lCSO (inhibition) 
value for P. subcapitata. Thus TU the values of 1 for individual chemicals mean that 
they are present in a mixture at their lC50 va lue . 
The Plackett and Hewlett ( 1952) mixture classification scheme has four types of toxic 
interac tions (Table 3.4). These are simple similar (more usually refetTed to as 
concentration addition, CA), independent (a lso more usually refen·ed to as response 
addition, RA), comp lex similar and dependent joint action. Mathematical equations 
have been developed to exp ress on ly CA and RA. 
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Table 3.4: The four types of joint action for mixtures, developed by Plackett and 
Hewlett (1952). 
Similar Joint Action Dissimilar Joint Action 
Non-interactive Simple similar Independent 
(concentration addition, CA) (response addition, RA) 
Interactive Complex similar Dependent 
Theoretically the CA type of joint interaction should only occur when a mixture 
consists of chemicals with the same mechanism of action and the RA is the type of 
additive joint interaction that should apply when mixtures contain chemicals with 
different mechanisms of action. As the three pesticides and salinjty all have different 
mechanisms of action, theoretically, they should be modelled using the RA approach. 
However, we used the CA approach, as a number of laboratory and field-based 
studies have shown that CA overestimated the effects and yielded slightly higher 
estimates of the toxicity of mixtures than RA when the chemicals had different 
mechanisms of action (Faust, Altenberger et al. 1994; Wame and Hawker 1995; Ross 
and Wame 1997; Backhaus, Altenburger et al. 2000; Backhaus, Altenburger et al. 
2000; Deneer 2000; Dyer, White-Hull et al. 2000; Chevre, Loepfe et al. 2006; 
Junghans , Backhaus et al. 2006). It is important to use the precautionary approach but 
not to be over protective in developing water quality guidelines, hence the CA is the 
preferred model over the RA model in the present study as the latter model would 
underestimate the combined effects of mixtures (.Junghans et al. 2006 ). 
The results of the mixture toxicity experiments were plotted as illustrated in Figure 
3 .1. In this figure the concentration of the mixture that causes a certain percentage of 
inhibition expressed in terms of toxic units. The so lid line is the additivity line which 
links the points 0 TU , 0°/o inhibition; 0.5 TU, 25°/o inhibition; 1 TU , 50°/o in_hibition; 2 
TU , 100% inhibition. As indicated in ECETOC (200 1 ), a less deviation of less than 
30o/o from expected aclditivi ty is considered as confo m1ing to add iti vity and a 
deviation of more than 30°/o rrom aclclitivity conforms e ither to antagonism or 
syncrg ism. The interpretations of mi xture toxici ty in the present study will be based 
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on the above concept. The two dashed lines (Figure 3.1) indicate the 30o/o deviation 
from additivity and mixtures that lie to the right of the lower dashed line are classified 
as antagonistic, while those that lie to the left of the upper dashed line are classified as 
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TU 
Figure 3.1: An example of the plots used to indicate the type of toxic interaction 
that occurs within the mixtures. The concentrations of the mixture (expressed as 
toxic units, TUs) that cause a certain °/o inhibition are plotted. Solid line 
represents the expected additivity. Two dashed lines indicate the 30°/o deviation 
from additivity. Mixtures that lie to the right of the lower dashed line are classed 
as antagonistic, while those that lie to the left of the upper dashed line are classed 
as synergistic. 
3.3. 7. Chemical analysis 
The concentrat ions of the pestic ides were determined using the NSW EP A screemng 
and extraction method for vo lati le and semi-volatil e organic compounds (NSWEP A 
1998 ). Chem ical ana lysis of test so lutions was conducted at the beginning of each test 
and on completion, to detennine the loss of pesticides during the test. 
Extrac ti on consisted of mix ing a 25 mL aliquot from each treatmen t with 25 mL of 
dichloromethanc in a 200 mL separatory funnel and shaking fo r two minutes with 
periodic venting. Two sequen tial extractions were cond ucted for each sample, and the 
ex tracts for each sa mpl e were combined. Each combined ex tract was dewatered by 
passing it through a 5 g bed of high-pu rity anhydrous Na2S04. The de wa tered extracts 
were co ncentrated dow n to 1 mL by evaporation using nitrogen gas under low 
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temperature (30°C). Solvent exchange was conducted using 4 mL acetone prior to 
analysis. 
Chemical analysis was conducted using a gas chromatograph (HP 5890 series II Plus, 
with HP 3365 Series II Chemstation software) with a nitrogen phosphonts detector. 
The capillary column used for the analysis had a length of 30 m, an internal diameter 
of 0.25 mm, and was coated with 0.25 IJ.m thick DB5 stationary phase. Injector port 
and detector temperatures were 250 and 220°C, respectively. Nitrogen was used as the 
carrier gas. The temperature programme was set to have an initial column te1nperature 
of 100°C for 1 min, which was raised to 275°C at the rate of 4°C per minute and held 
for one minute. A l-!J.L sample injection volume was used throughout the analyses. 
Calibration standards were prepared for each chemical from the stock solutions and 
injected after every 10 inj ections of the samples. The respective standard curves for 
each pesticide were prepared and sample concentrations were determined using the 
linear regression method. 
3.3.8. Calculations and statistical analysis 
The concentration that inhibited cell yield by 50% after 72 ho urs exposure (72 hour 
IC50 value) and 95% confidence limits were calculated using the US EP A Linear 
Interpolation method (Norberg-King 1998). If the pesticides incurred a loss of less 
than 20°/o over the 72-hours incubation period, the measured initial concentrations 
were used to calculate their toxic ities. If the loss was greater than 20°/o over the 
inc ubation period, the geometric means of the ini ti al and final measured 
concentra tions were used fo r the ca lculations. 
3.4. Results 
The ranges of each phys icochemica l property measured in all treatments of all the 
tox icity tests were wi thin the acceptable limits. 
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3.4.1. Reference toxicant tests 
The salinjty ICSO values were well within two standard deviations of the long-term 
mean ICSO value (Figure 3 .2). Thus, all the algal toxicity tests are considered valid 
and the sensitivity of P. subcapitata was uniform throughout the study and also the 
seawater (used for salinity treatments) quality is uniform and its toxicity did not vary 
between tests. This permits comparison of the toxicity results conducted at different 
times. 
Cumulative Summary Chart of the Salinity Reference Toxicity Tests -~ 
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Figure 3.2: The cumulative summary chart for the salinity reference toxicity 
tests for P. subcapitata. (The actual ICSO values are represented by empty 
triangles, cumulative mean salinity is represented by filled circles, twice the 
standard deviations are represented by filled squares). 
3.4.2. Toxicity experiments 
3.3.2. 1 Group I experiments 
The chronic toxicities of sa linity (mean) , atrazi ne, molinate and chlo rpyrifo s (1C50 & 
IC25 values) are presented in Table 3.5 . Based on the tox icant clossification (USEPA 
2006), the present results showed that atrazinc was ve ry highl y toxic and molinate and 
chlorpyrifos were highl y toxic . 
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Table 3.5: ICSO and IC25 values of salinity, atrazine, molinate and chlorpyrifos 
to P. subcapitata and thei r corresponding 95°/o confidence limits. The ICSO and 
IC25 results for salinity are the mean and± standard error of ten values. 
Toxic ant ICSO IC25 
Salinity ( ~S/cm) 5598 ± 972 2948 ± 123 
Atrazine (~g/L) 47 .8 19.9 
(27 .13 - 63.46) (16.8 - 45.8) 
Molinate (~Lg/L) 300.5 238.1 
(262.1 - 316.4) ( 168 .9 - 258 .6) 
Chlorpyrifos (~g/L) 796.9 528.9 
(672.9 - 1128.2) (402 .2 - 651.4) 
To compare the toxicities of individual che1nicals (Warne and Schifko 1999), the 
IC50 values were expressed in moles/L (Table 3.6). Of the two herbicides, atrazine 
was more toxic than molinate to the alga. The toxicity of the insecticide chlorpyrifos 
was lowest. 
Table 3.6: ICSO values of atrazine, tnolinate and chlorpyrifos to P. subcapitata 
expresse d . I /L 10 mo es 
Toxicant ICSO (moles/L) 
--
Atrazine 2.22 x 1 o-7 
Molinate 1.60 X 10-r) 
Chlorpyrifos 2.27X 10-0 
Representati ve co ncentration response curves for each of the pestic ides and salini ty 
are illustrated in Figure 3.3 . They all have typica l sigmoidal and monotonic 
rela tionships. 
T he toxic iti es o f the va rious mi xtures are graphica lly illustrated in Figures 3 .4 - 3.6 
and the IC50 va lues are tabu lated in Tab les 3.6 to 3.9 . 
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Figure 3.3: Typical concentration response relationships for the toxicities of 
individual pesticides (A - Atrazine, B - Molinate, C - Chlorpyrifos, and D -
Salinity) toP. subcapitata. 
3.4. 2. 2. Group 2 experiments. 
The mixture of atrazine/salinity was additive while Treatment 1 (atrazine only 
treatment) was slightly over the 1 TU (Figure 3.4A). The toxicity relationship of 
molinate/salinity wa synergistic in Treatment 2 but was additive for the remaining 
treatments (Figure 3.4B). The toxic ity of the mixture of chlorpyrifos/salinity was 
anta gonis ti c except for Treatments 1 and 6, which were addit ive (Figure 3.4C). 
Since more than 50% inhibition was achieved in Treatment 1 in the atrazine/salinity 
and molinate/salinity mixtures it was not poss ibl e to alculate rcso values based on 
tox ic units (Table 3.7). The lCSO value for the chlorpyrifos/sa linity mixture was 2.02 
TU and co nformed to antagonism (Table 3. 7). 
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Figure 3.4: The toxicity of mixtures of individual pesticides with varying 
salinities to P. subcapitata cultured in normal algal media with a salinity of 100 
JJ.S/cm. A - Atrazine/salinity; B - Molinate/salinity; C - Chlorpyrifos/salinity. 
Solid line represents the expected additivity. Two dashed lines indicate the 30o/o 
deviation from additivity. Mixtures that lie to the right of the lower dashed line 
are classed as antagonistic, while those that lie to the left of the upper dashed line 
are classed as synergistic. Each dot represents a treatment. 
Table 3. 7: The ICSO and 95°/o confidence lin1it values, expressed in toxic units 
(TUs), for the mixtures of individual pesticides (each present at a fixed 
concentration) and salinit).:. 
Toxic Combinations ICSO TU 
A trazine and salinity < 0.93 
Molinate and sa linity < 0.89 
Chlorpyrifos and salini ty 2.02 
(1 .89 - 2.09) 
3. 4. 2. 3. Group 3 e.1.perirnents. 
The variation in toxicity of the equitoxic pesticide mixtures with sahnity is presented 
in Figure 3.5. The toxicity of the atrazine/molinate mixture was additive in Treatment 
1, antagonistic in Treatments 2 and 3 and additive in Treatments 4 and 5 (Figure 
3.5A). The toxicity relationship of atrazine/chlorpyrifos mixture was antagonistic 
except for Treatment 1 which was additive (Figure 3.5B). The toxicity relationship of 
the molinate/chlorpyrifos mixture was antagonistic (Figure 3.5C). The mixture of all 
three pesticides was additive in Treatment 1 and antagonistic in Treatments 2 and 3 
additive in Treatments 4 and 5 (Figure 3.5D). 
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Figure 3.5: The toxicity of equitoxic mixtures of pesticides to P. subcapitata 
cultured in normal algal media with salinity of 100 !J.S/cm. A -
Atrazine/molinate; B - Atrazine/chlorpyrifos; C - Molinate/chlorpyrifos, D -
Atrazine/molinate/chlorpyrifos. Solid line represents the expected additivity. 
Two dashed lines indicate the 30o/o deviation from additivity. Mixtures that lie to 
the right of the lower dashed line are classed as antagonistic, while those that lie 
to the left of the upper dashed line are classed as synergistic. Each dot 
repr esents a treatment. 
Table 3. 8 shows the IC50 values for each equitoxic combination of pesticides. Even 
though the toxicity relationship changed a long the concentration gradients the toxicity 
re lationships at the IC50 confon11ed to antagonism with the exception of the 
atrazine/molinate mixture. 
T abl e 3.8: The IC 50 a nd 95•~, confidence lim it (95·~. CL) n tlucs of th e cqu itoxi c 
t. . d . t d . . t (TU ) -~es ICI e mrx ures, expresse 111 tOXIC Ulll S s 
Toxic Combinations ICSO and 95o;;, CLs (TU) 
Atrazine and mol inate 1.1 9 
( !. OR - 1.35) 
Atrazine and chlorpyrifo · 1.63 
-----'--- - --
l!_.45 ~ 1.741 
----
Molinate and chlorpyrifos 1.49 
(1.25 - 1.6f>) 
Atraz ine, mol in ate, chlorpyrifos 1.36 
( 1.27 - I . ..:J- 6) 
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3. 4. 2. 2. Group 4 experiments. 
The variations in toxicities of complex mixtures of pesticides and salinity are 
presented in Figure 3.6. The toxicity relationship was additive for the atrazine I 
molinate I salinity mixture. A similar trend was found in the atrazine I chlorpyrifos I 
salinity tnixture except for Treatments 1 and 3, which were marginally antagonistic 
(Figure 3.6B). The molinatelchlorpyrifoslsalinity mixture conformed to antagonis1n 
(Figure 3.6C). The atrazine I molinate I chlorpyrifos I salinity mixture was 
antagonistic in Treatments 1 and 2, and additive in Treatments 3, 4 and 5 (Figure 
3.6D) 
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Figure 3.6: The toxicity of mixtures of pesticides with varying concentrations of 
salinities to P. subcapitata cultured in normal algal media with salinity of 100 
~Sicm (the toxic contribution from tbe combination of pesticides is equal to 
1 TU). A - Atrazinelmolinatelsalinity; B - Atrazinelchlorpyrifoslsalinity; C -
Molinatelchlorpyrifoslsalinity; D - Atrazinelmolinatelchlorpyrifoslsalinity. Solid 
line represents the expected additivity. Two dashed lines indicate the 30°/o 
deviation from additivity. Mixtures that lie to the right of the lower dashed line 
are classed as antagonistic, while those that lie to the left of the upper dashed line 
are classed as synergistic. Each dot represents a treatment. 
The IC50 val ues for the tox icity relation ships for pesticide mixtures and sa linity are 
presented in Table 3.9. The atm zinelmolinatelsa linity mixture was marg inally additive 
while the rest o f the pest ic id e mi xtures were LlntLlgoni stic . 
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Table 3.9: The IC50 values and 95°/o confidence limit (95°/o CL) values of the 
. t f f . d . h r "t d t "t (TU ) m1x ures o pes 1c1 es w1t sa 1m ry, expresse as OXIC lllll S s 
Toxicant Combinations ICSO and 95o/o CLs (TU) 
Atrazine, molinate and salinity 1.29 
(0.99- 1.64) 
Atrazine, chlorpyrifos and salinity 1.43 
(1 .02- 1.59) 
Molinate, chlorpyrifos and salinity 1.51 
(1.39- 1.89) 
Atrazine, molinate, chlorpyrifos and salinity 1.38 
(1.21 - 1.69) 
3. 4. 2. 5 Occurrence of toxicity relation.r;,·hips 
The types and the frequency of occurrence of toxicity relationships of the different 
mixture combinations studied are presented in Table 3.1 0. 
Table 3.10: The types of toxic relationships observed in the mixture combination 
an df f requency o occurrence. 
Toxicity relationshiE Frequency of occurrence 
Additive 2 
Antagonistic 2 
Changed from antagonism to additivity* 1 
Changed from synergism to additivity* 1 
Changed from additivity to antagonism and 2 
back to additivity* 
Changed from additivity to antagonism * 1 
Changed from antagonism to additivity and 1 
then to antagonism* 
Changed from antagonism to additivity, to I 
antagonism and to additivity* 
Total 11 
* - Change ~ in toxicity relationship occuned with an increase m concentrations of 
mix: tu res. 
Each mixture combination showed a variety of relationships. The majority of the 
mixtures was additive at least at higher concentrations (Table 3.10). 
There \vere 55 different combinations of mixtures in the tota l of 11 mixtures studied. 
Table 3. 11 summarises the number of types of toxicity re la tionships in these 
comb inati o ns. Approximate ly 51 , 47 and 2%) of these 55 mixtures confonn ed to 
anti.1gonism, i.1dcl iti\·ity ::1nd syncrgi sm, respectively. 
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Table 3.11: Types of toxicity relationships in different mixture combinations of 
r ·t d r · d r d hi ·~ sa 101 ~y an pes ICI es atraz1ne, mo 1nate an c orpyn os. 
Toxicity relationship Number of 0/o occurrence 
occurrence 
Antagonistic 28 50.9 
Additive 26 47.3 
Synergistic 1 1.8 
3.5. Discussion 
Chronic exposure to the three pesticides and salinity inhibited the growth of P. 
subcapitata. The herbicide atrazine was most toxic; it inhibits photosynthesis by 
blocking the electron transport in the Photo-system II, which subsequently destroys 
the chloroplast, inhibits carbohydrate synthesis, which reduces the carbon pool and 
builds up C02 within the cell (Solomon et al. 1996). The IC50 value of atrazine toP. 
subcapitata in the present study which was 47.8 !J.g/L (2.22 X 107 moles/L) was very 
similar to that observed by (Weiner et al. 2004), for P. subcapitata (96 hour IC50 as 
population growth rate) at 48.77 !J.g/L. Phyu (2004) reported the 72 hour IC50 value 
to P. subcapitnta (growth inhibition) to range between 36.5 and 53.9 pg/L which 
concurs with the results of the present study. 
Molinate which inhibit cell division in plants was second most toxic with an IC50 
value of 300.5 ~Lg/L ( 1.60 X 10-6 moles/L). Phyu (2004) recorded 72 hour IC50 
values for P. subcapitata ranging between 55.3 and 115.6 ~Lg/L, which were lower 
than the 1C50 value found in the present study. The difference in toxicity of two 
herbicides atrazine and n1olinate could be due to differences in their modes of action. 
Chlorpyrifos was less toxic compared with the two herbicides with an IC50 value of 
796.9 ~Lg/L (2 .27 X 1 o-6 moles/L) . This finding is to be expected, since plants do not 
contain the target site of ch lorpyrifos to act on (i .e., the enzyme acetylcholine 
esterase). A LOEC va lue (72 hours test growth inhibition as endpoint) of chlorpyrifos 
to P. subcopi toto of > 320 ~tg/L was reported by (Van Donk et a I. 1992), which was 
lower than the re suit of the present study. 
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The mean IC50 value of salinity to P. subcapitata was 5598 jJ.S/cm. Salinity affects 
osmoregulation in algae and changes the permeability of their plasma membranes 
(Reed 1984). The increased osmotic pressure in algal cells can inhibit photosynthesis 
thereby affecting their growth (Allakhverdiev et al. 2000). In addition, elevated 
salinity can depress the growth of algae through the toxicity of individual ions in the 
medium. Monovalant to divalent ion ratio is important in determining the toxicity of 
individual ions to algae (Cleave et al. 1981). In the present study, sea water was used 
to simulate various salinity treatments, since the composition of cations and anions in 
Australian inland salinity is comparable with that of sea water (Bayly and Williams 
1972). Other sources of elevated salinity such as mining effluent can have higher 
divalent ion concentrations and therefore could be more toxic to aquatic organisn1s 
than sea water. As shown in the Cusun1 chart (Figure 3.2), the salinity toxicity to P. 
subcapitata remained uniform throughout the study, which indicates stable sensitivity 
of the test species. 
The toxicity of the atrazine/salinity mixture was additive and that of the 
molinate/salinity mixture was also additive except for Treatment 2, which was 
synergistic. It is therefore evident that the combinntion of sa linity and the two 
herbicides (individually) behaved according to the CA model. The antagonistic 
toxicity of chlorpyrifos and salinity could be due to changes in osn1oregulation of P. 
subcapjtata as a response to increased salinity, which co uld prevent the chlorpyrifos 
from entering the cells. The change in tox icity to conforming to additivity at high 
salinities could be due to sa linity exerting either a direct toxic effec t or increasing 
membrane permeability. 
The equitoxic mixture of atrazine/molinate was additive in co ncentrations above ] 
TU. The less than additive relationship below ] TU could be due to each herbic ide 
acting independently, and the concentrations not being sutficient to ca use toxic effects 
at those concentrations, wh ich is further supported by the IC25 values (Table 3.5) of 
each toxicant. 
Mixtures that conta ined c hlorpyrifos were predominantly antagoni stic (Tables 3.7, 3.8 
and 3.9). In field experiments, algal blooms were obsen ·ccl at low concen tratio ns or 
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chlorpyrifos (Butcher et al. 1977; Van Donk et al. 1992). The most likely explanation 
for this was the decline in grazing pressure by herbivorous zooplankton. Butcher et al. 
( 1977) also argued that the possible conttibution of phosphorus from chlorpyrifos 
could be significant. However, there is no evidence of chlorpyrifos inducing growth 
of P. subcapitata at low concentrations in the present study (Figure 3.3C). In the 
chlorpyrifos/salinity experiment salinity-induced changes in osmoregulation seemed 
to be blocking chlorpyrifos from entering the algal cells, resulting in antagonistic 
toxicity. In the equitoxic experiments, the presence of chlorpyrifos could have 
decreased the effectiveness of the two herbicides; however the mechanism of such a 
phenomenon is still not c lear. 
Whi le half of the mixtures tested were additive, they predominantly tended towards 
the lower edge of the envelope of additivity (i .e., towards antagonism). Mixtures 
comprising chemicals with the same mechanism of action (MeOA) should 
theoretically have a j oint toxicity that conforms strictly to concentration addition 
(Deneer 2000; Faust et al. 1994; Wame and Hawker 1995) while those that have 
different 1nechanisms of action should conform to response addition (Table 3.4). A 
series of papers by Faust et al. (1994); Backhaus et al. (2000a and b) , Dyer et al. 
(2000), Junghans et al. (2006) and Chevre et al. (2006) reported that concentration-
addition overestimated effects and yielded slightly higher estimates of the toxicity of 
mixtures than response addition when chemicals had different MeOAs. These 
findings are also consistent with this theory (Plackett and Hewlett 1952). The 
mixtures studied had toxicities at the lower range of concentration addition, which 
was consistent with their j o int toxicity conforming to response addition. This would 
be expected based on the fact that the components of the mixtures have different 
mechanisms of ac ti on. 
The toxici ties of 11 mixtures to P. suhcopilo/o were detennined in the present study 
(Table 3.10), giving a total of 55 co mbinati ons of mixtures. Of these, 51 °/o of 
combinations confom1ccl to antagonism , 47% conformed to additi vity and 2o/o 
confo m1ed to synergism (Tab le 3. 11 Dencer (2000), Fa ust e t a l. (1994), Warne and 
Hawker ( 1995) and Ross 8ncl \Varne ( 1997) found that approx ima tely 5 - 15°/o of 
mi xtures (irrespective or the tyre or chemica l) were 8n t8gonistic . However, resu lts of 
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the present study indicate that the ratio between additivity and antagonism was 
approximately 1: 1 and synergism occurred in only one treatn1ent. 
The antagonistic toxicity relationships observed in the present study concurs with that 
of the review (Gressel 1990) which summarised information on the combined effects 
of herbicides on weed control, which indicated that there were far more reports on 
antagonism of herbicides than synergism. Even though there was no reference to 
atrazine and molinate in that review, it highlighted the fact that antagonism can occur 
in various combinations of herbicides. 
3.6. Conclusions 
Atrazine exerted a very high chronic toxicity to the alga, P. subcapitata (IC50 = 47.8 
~g/L) while molinate and chlorpyrifos exerted a high chronic toxicity (1C50 = 300 
and 800 ~Lg/L, respectively). 
Additive and antagonistic toxicity relationships observed in the present study occurred 
in similar proportions. Synergism was observed in only one combination. Based on 
the co ncentration addition model tested in the present study with P. subcapitata, 
sufficient protection for the freshwater algal species from the atrazine, molinate and 
chlo rpyrifos mixtures in co mbination wi th salini ty can be achieved if the additivity of 
the tested toxica nts were taken into consideration in the derivation of wa ter quality 
gu id c I in c s. 
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Chapter 4 
Chronic toxicity of salinity and the pesticides, atrazine, molinate and 
chlorpyrifos individually and as mixtures to Pseudokirchneriella 
subcapitata acclimatised at elevated salinity 
4.1. Abstract 
Freshwater algae play an important role as pnmary producers in food chains m 
aquatic ecosystems. Algae inhabiting salinised inland water bodies are exposed to 
stress caused by salinity over generations and as a result, their sensitivity to other 
toxicants could be changed. Changes in sensitivity associated with such exposures 
have not been sufficiently studied . Salinity and pesticide pollution usually eo-occur 
in the agricultural areas especially irrigated agriculture. Studies on the combined 
effects of salinity and pesticides on freshwater green algae are very limited, and 
particularly on these interactions when the algae are acclimatised to high salinities. 
Cultures of the freshwater alga, Pseudokirchnerh:lla s·uhcapitata, were maintained in 
algal media of two salinities (i.e ., normal salinity = 100 and high salinity = 6000 
~tS/cm) over five successive 72 hour long cultures (or approximately twenty cell 
doublings). Algal toxicity tests were conducted using these two cultures in order to 
determine the effects of long-term exposure to salinity on the toxicity of atrazine 
molinate and chlorpyrifos and salinity individually, in mixtures of individual 
pesticides and salini ty, in mixtures of several pesticides and salini ty, and equitoxic 
mixtures of the pesticides. The concentrations that caused a 50o/o reduction in cell 
yield (lCSO values) for P suhcapitata cultured at high salinity were 5200 pS/cm, 43 
pg/L, 282 ~tg/L and 1118 pg/L for salinity, atrazine, mo linate and chlorpyrifos, 
respectively. Seventy-one percent of the mixtures tested conformed to additivity with 
20o/o and 9°/o co nforming to antagonism and synergism, respective ly. For 13 out of 15 
cases there were no sign ificant di fl'erences in the sensitivity of the pesticides and their 
mixtures to the norma l and high sa linity acclimatised algal cul tu res. l n both cases 
where diffe rences occ urred, the high salinity algal culture was more sensit ive. 
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Acclimatisation to salinities up to 6000 ~tS/cm generally did not increase the risk 
posed by salinity and the three pes tic ides individually and in mixtures to P. 
subcapitata. 
4.2. Introduction 
Salinisation of landscapes is impacting on inland freshwater systems in some parts of 
the world (W illiam s 1999). Many freshwater systems in Australia are affected by 
salinity partly due to natura l causes and more recently to human interventions such as 
clearing of deep rooted p lants and irrigation activities (Jolly, Williamson et al. 2001; 
Nielsen, Brock et al. 2003). Jolly et al. (2001) reported a mean increase of 4.37 
~LS/cm/year with a minimum of -6.9 to a maximum of 139.5 ~S/cn1/year in streams in 
the Murrumbidgee Irrigation Area, NSW. Freshwater algae inhabi ting salinised water 
bodies have been exposed to high salinity over generations. Exposure to a toxicant 
can cause variety of effects on their sensitivity and defence mechanisms (Smital et al. 
2000) . The possible scenarios of exposure to elevated salinity over generations are 
that the algae could become more sensitive or develop tolerance or retain their 
original sensitivity to salt and chen1icals such as pesticides. According to the 
··metabolic cost" hypothesis (Calow and Sibly 1990) development of tolerance will 
increase energy consumption resulting ultimately in adverse effects n reproduction 
and growth. Thus, algae that are more tolerant of salinity may have less energy 
available to respond to other toxicants. Tolerance to other toxicants could decrease if 
they have the same mech;:mism of action as salinity or the sCime detoxifying or 
excretion mechanism. Tolerance to other toxicants could remain unaffected if the shift 
in to lerance is metabolica ll y cost-neutra l or if the organism's means of detoxify ing or 
excreting the chemica ls is not the same as that for sa linity. 
The use of agrochem icals has det rimenta l impacts on non-targeted spec ies inhabiting 
freshwater environments through either runoff or spray drift . The impact is aggravated 
when sa lini ty and pes tic ide contamination occur together. T hi s is espec i C~ II y 
significant in itTi ga ted ag ri cu ltura l areas. 
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Freshwater green algae as primary producers play a vital role in food chains and are 
important for the viability of communities inhabiting freshwater ecosystems. 
However, little information on how salinity-affected freshwater algae behave when 
they are exposed to other toxicants is available. Prediction of the effects of salinity 
and pesticide mixtures is difficult since salinity is not a conventional toxicant and 
therefore there should be systematic studies in order to understand the impacts of such 
mixtures on aquatic organisms. This chapter aims to contribute to this knowledge gap 
by determining how salinity affects the toxicity of mixtures of pesticides to salinity 
acclimatised alga, P. subcapitata . 
The objectives of the study were: 
• To determine the toxicity of salinity, atrazine, molinate and chlorpyrifos acting 
individually to the alga P. subcapitata cultured at high salinity (i.e., 6000 
~tS/cm) and to compare the differences in responses to the alga cultured at 
normal salinity (i.e., 100 ~S/cm, the salinity of the algal culture medium). 
• To determine the relationships of mixtures of pesticides, salinity and 
individual pesticides and complex mixtures of pesticides and salinity to 
salinity-acclimatised P. subcapitalo and to compare their sensitivities with that 
of algae cultured at normal salinity (i .e., 100 ~S/cm). 
4.3. Materials and Methods 
4.3. 1. Test species 
The green alga , Pseudokirchneriello subcopilo/o H indak, formerly la1own as 
Selenostrwn copricnrnutw11 , is a unicellular, non-motile, crescent-shaped (40- 60 
~Lm3 ) alga that belongs to the Family Chlorophyceae. The a lga l culture (American 
Type Culture Col lection [/\ TCC o . .2.266.2]) is maintained at the Centre for 
Ecotoxicology laboratory and \Vas originally obwinecl from the CSIRO Centre for 
Advanced Anal ytical Chemistry, Lucas Heights , NSW . Th is species was selec ted as 
it : represents primary producers and us such ucts us un important food source for 
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herbivorous consumers such as cladocerans; is easy to culture in the laboratory; is 
extensively used in ecotoxicology; clumping of cells or formation of chains rarely 
occurs, thus enabling accurate enumeration using an electronic particle counter; 
grows sufficiently rapidly to permit an accurate measurement of cell yield after 72 
hours; and is moderately sensitive to toxic substances (Environment Canada, 1997). 
4.3.2. Toxicants 
The pesticides used in the study were atrazine (6-chloro-N2 -ethyl-N' -isopropyl-! , 3, 5-
triazine-2, 4-diamine; CAS No-1912-24-9) , mohnate (s-ethyl N, N-hexa methylene 
thiocarbamate; CAS No-2212-67 -1) and chlorpyrifos (0~0-Diethyl-0-(3 ~5,6-
trichloro-2-pyridinyl) phosphorothioate, CAS No. 2921-88-2). They were all reagent-
grade technical chemicals (?: 97o/o purity). These three pesticides were selected since 
they are among the most commonly used pesticides in Australian agriculture 
(Bowmer et al. 1998; Thomas et al. 1998). Stock and working solutions of pesticides 
were prepared in analytical-grade (99°/o purity) acetone as a carrier solvent. The stock 
solutions were stored in a freezer at - 4°C and all working stock solutions were made 
immediately prior to use. 
Sea water collected from Cronulla, NS\V, was used for all toxicity tests, that required 
elevated sa ljnity ~ ince the ionic composition of Australian inland saline waters is 
similar with that of sea water (Bayly and William 1 972). 
4.3.3. Algal cultures 
The culture of algae followed the methods specified in USEPA (1993) and 
Environment Canada ( 1997). Details of the culture methods are described in the 
Chapter 2. High sa linity (6000 ~tS/cm) were achieved by mixing appropriate amounts 
of filtered (using a 0.22 ~un filter}, UV-sterilised and aerated seawater with the Milli-
Q water prior to the addition of the nutrient solutions li sted in Chapter 2. The 
concentrat ion of 6000 ~LS/cm for the elevated sa linity cu ltures was based on the 
results of the chronic toxicity tes ts. For the experiments to work the algal cultures 
shou ld be acc limati sed and be ab le to be maintained for the exeriments duration, it 
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was therefore decided not to exceed 60% inhibition of algal growth to ensure there 
would be sufficient viable algal cells to complete the tests. At the salinity level of 
6000 ).lS/cm there was on average approximately a 55o/o inhibition of growth (based 
on the chronic test results conducted for the salinity reference toxicity tests). 
A monthly check on the quality of P. subcapitata in the cultures was performed by 
microscopic examination. The cultures were examined in terms of cell morphology, 
colour, clumping, absence of bacteria or yeast and measuring the relative sensitivity to 
a reference toxicant (sea salt). 
4.3.4. Experimental design 
The toxicity experin1ents for P. subcapitata were conducted in four groups similar to 
that described in Chapter 3 using the algae cultured at elevated salinities. 
4.3. 4.1 Group 1 experiments 
The fir t group of experiments consisted of chronic toxicity tests with individual 
toxicanL i.e., salinity, atrazine, molinate and chlorpyrifos. Based on these results, test 
concentrations to be used for the mixture toxicity tests were determined. 
4.3.4.2 Group 2 experiments 
The second group of experiments detennined the toxicity of mixtures of salinity with 
individual pesticides (i.e ., salinity and atrazine, salinity and chlorpyrifos, and sa linity 
and molinate). These mixtures were made using a fixed concentration of each 
pesticide (i.e., the EC50 which equals 1 TU) with variable concentrations of salinity. 
The concentrations of salini ty and each pesticide in each treatment of each mixture 
are presented in Table 4. 1. Ideally the total TUs for each treatment of each mixture 
should be identical but small variations did occur. The TU values were based on 
measured concentration values of each pesticide in the mixtures 
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Table 4.1: The measured composition of each treatment of the individual 
pesticide and salinity mixtures expressed as toxic units (TU) of the salinity and of 
the total mixture. 
Treatment Toxic Total T U Total T U Total TU 
contribution atrazine and molinate and chlorpyrifos and 
from salini ty salinity salinity salinity 
(T U) 
Contro l 0.0 0.00 0.00 0.00 
1 0.0 0.93 0.89 0.86 
2 0. 18 1 . 11 1.06 1.03 
3 0 .36 1.28 1.24 1.2 1 
4 0 .7 1 1.64 1.60 1.57 
5 1.07 1.99 1.95 1.92 
6 1.42 2.35 2.31 2.28 
4.3.4.3 Group 3 experiments 
The third group of experiments consisted of equitoxic mixtures of individual 
pesticides i.e., atrazine I molinate, atrazine I chlorpyrifos, chlorpyrifos I molinate, and 
atrazine I molinate I chlorpyrifos. In this set of experiments, each treatment consisted 
of pesticide concentrations representing equally toxic contributions from each 
pesticide (tenned equitoxic mi xtures of the pesticides) (Table 4.2). The TU values 
were based on measured concentration va lu es of each pesticide in the mixh.1res (Table 
4.2). The total TUs for each treatment of each mixture should be identical but small 
va1iations did occur as the TU values were based on measured concentration values of 
each pesticide in the mixtures . 
Table 4.2: The measured composition of each treatment of the equitoxic pesticide 
. t d t (TU ) mix ures ex1 presse as OXIC UllltS s 
Treatment Atrazine/ Atrazine/ Molinate/ --r Atrazine/molina~ 
molinate chlorpyrifos chlorpyrifos /chlot·pyrifos 
Control 0.00 0 .00 0.00 0.00 
1 0.23 0.22 0.22 0.22 
2 0.45 0.45 0.44 0.44 
-
3 0.91 0.89 0.87 0.89 
4 1.36 1.34 1.3 1 1.3 3 
5 1.81 I. 78 \ .74 1.78 
4.3.4.4 Group 4 e.1.periments 
The toxicity of complex combinations o f pesticid e ~ with sal ini ty to P. suhcopi toto 
was determ ined (i.e ., atraz ine I mo linate I sa lini ty , Cttrazi nc I chl orpyrifos I sCt lin ity. 
mo linate I eh lorpyrifos I salin ity, and atrazi ne / mo l i natc I c hl orpyri Cos 1 sa I in i ty). T he 
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treatments in these mixtures had a fixed toxic contribution from the pesticides (i.e., 1 
TU) but varying concentrations of salinity (Table 4. 3 ). The total TUs for each 
treatment of each mixture should be identical but small variations did occur as the TU 
values were based on measured concentration values of each pesticide in the mixtures . 
Table 4.3: The measured composition of each treatment of the complex mixtures 
of pesticides and salinity expressed as toxic units (TU) of the salinity and of the 
total mixture. 
Treatment Toxic Total TU Total TU Total TU Total TU 
contribution atrazine/ atrazine/ molinate/ atrazine/ 
from salinity molinate/ chlorpyrifos/ chlorpyrifos/ molinate/ 
salinity salinity salinity chlorpyrifos/ 
salinity 
Control 0.0 0.00 0.00 0.00 0.00 
1 0.00 0.9 1 1.00 0.87 0. 89 
2 0.18 1.08 1.18 1.05 1.07 
3 0.36 1.26 1.36 1.23 1.25 
4 0.71 1.62 1.71 1.58 1.60 
5 1.07 1.97 2.07 1.94 1.96 
4.3.5. Test method 
Th is 72 hour growth inhib ition test asse ses the chronic to ' icity of toxicants to P. 
subcapitala. Inhibition in growth of the alga was the ~ndpo inl. This procedure was 
adapted from the USEPA ( 1993) and Environment Canada (1997) documents . Details 
of the test method are given in C hapter 3. P. suhcapifata cultu res acc lim atised to high 
sali nity (6000 ~LS/cm) over f ive successive 72 hr culture w ere used instead of the 
a lga cultured a t normal sa lini ty (1 00 ~S/cm) . The protoco l fo r preparing the alga l 
culture medium is descri bed in C hapte r 2. The h igh salinity alga l medium (fo r the 
culture and for toxicity test treatments) was prepared by di lut ing filtered, aerated and 
UV sterili zed sea wa ter with po li shed cleio ni sed wa ter before adding nutri ent so lutions 
(see Chapter 2) . 
A reference toxicant test us ing sea water was run concutTently w ith each set of 
toxicity tests on the sa me a lga l suspension used for the to xicity tes ts . The tox ici ty tes t 
procedure was identical to that of the test desc ribed in Chapter 3. 
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The measured endpoint for the test (concentration of the toxicant that causes 50o/o 
inhibition in the growth - IC50 value) was expressed as a reduction in cell yield 
relative to that of the control after 72 hours exposure to the test solutions. Algal 
growth inhibition was also expressed as a percentage effect relative to that of the 
control. 
Toxicity tests were considered valid if: 
• The average algal cell density in the control after 72 hours was at least 16 x 
104 cells/mL; 
• The coefficient of variation (CV) of ce11 density in the control replicates did 
not exceed 20°/o; and 
• The IC50 value of the reference toxicant test was within twice standard 
deviations (±2 SD) of the mean IC50 values from the Cusum chart. 
4.3.6. Evaluation of mixture toxicity- Toxic Units 
The toxicity of individual components in mixtures and the mixtures them se Ives were 
expressed as toxic units (TUs) using the method described by Brown ( 1968). 
Typically the TU is calculated as follows, 




where the subscript denotes the component ' i. of a mixture, whil e C, is the aqueous 
concentration of component · i · in a mixture and ECpi is the aqueous concentration of 
the co mponent acting indi viduall y, which w ill cause n given toxic effect (e.g., IC50, 
IC20 values) . ln the present study the tem1 ECpi was always the IC50 (inhibition) 
value for P. subcopitoto. Thus TU values of 1 for individual chemicals mean that they 
are present in a mixture at their IC50 va lues. 
The results of the mixture toxic ity experiments were plotted as illustrated in Figure 
4. 1. In this figure the concentration of the mixture that causes a certa in °/o of inhibition 
is expressed in tenns of toxic units. The solid line is the add iti v ity line which links the 
points 0 TU, Oo/o inhibition; 0.5 TU, 25 o/o inhibition; I TU. 50o/o inhibition; 2 TU, 
I OOo/o inhibition . /\s indicated in ECETOC (200 1 ), a less than 30o/o deviation from 
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expected additivity is considered as conforming to additivity and more than 30% 
deviation conforming either to antagonism or synergism. The interpretations of 
mixture toxicity in the present study will be based on the above concept. The two 
dashed lines (Figure 4.1) indicate the 30o/o deviation from additivity and mixtures that 
lie to the right of the lower dashed line are classified as antagonistic, while those that 
lie to the left of the upper dashed line are classified as synergistic. Mixtures that 
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Figure 4.1: An example of the plots used to indicate the type of toxic interaction 
that occurs within the mixtures. The concentrations of the mixture (expressed in 
toxic units, TUs) that cause certain °/o inhibition are plotted. Solid line represents 
the expected additivity. Two dashed lines indicate the 30°/o deviation fron1 
additivity. Mixtures that lie to the right of the lower dashed line are classed as 
antagonistic, while those that lie to the left of the upper dashed line are classed as 
synergistic. 
4.3.7. Chemical analysis 
The concentrations of the pesticides were detetmined using the NSW EPA screenmg 
and extraction method for volatile and semi-volatile organic compounds. Chemical 
analysis of test solutions was conducted at the beginning and on completion of the test 
to determine the loss of pesticides during each test. Details of the chemical analysis 
procedure are described in Chapter 3. 
4.3.8. Calculations and statistical analysis 
The concentration that caused an inhibition of ce ll yield by 50°/o after 72 hours 
exposure (72 hour IC50 ) and 95% confidence limits were ca lcu lated using the US 
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EPA Linear Interpolation method (Norberg-King 1998). If the decrease in pesticide 
concentration was less than 20°/o over the 72 hours incubation period, the measured 
initial concentrations were used to calculate toxicity. If the decrease was greater than 
20°/o during the incubation period, the geometric means of the initial and final 
measured concentrations were used for the calculations. 
Statistical comparisons of IC50 values of the corresponding high-salinity-acclimatised 
and normal alga were conducted using the standard error of the difference test 
(Sprague and Fogels 1977). 
4.4. Results 
All the physico-chemical parameters for all the treatements in all the experiments 
were within the acceptable limits. 
4.4.1. Reference toxicant tests 
Figure 4.2 shows the variations 111 IC50 values for the reference toxicant (i .e., 
salinity). All va lues were within two tandard deviations of the long-term mean and 
therefore the sensitivity of P. subcapitata was unifonn through ou t the study and the 
results of toxicity tests could be compared. These results also ind ica te that the sea 
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Figure 4.2: The cumulative summary chart for the salinity reference toxicity 
tests for P. subcapitata cultured at the salinity of 6000 ~S/cm (The actual ICSO 
value is represented by empty triangles, cumulative mean salinity is represented 
by filled circles, twice the standard deviation is represented by filled squares). 
4.4.2. Toxicity experiments 
4.4.2.1 Group 1 experiments 
The chronic toxicitie of salinity (mean) , atrazine , molinate and chlorpyrifos to the 
alga P. subcapitata cultured in nonnal salinity (100 ).lS/cm) and at high salinity (6000 
~LS/cm) are presented in Table 4.4. There were no significant differences (p > 0.05) 
between the ICSO values for each toxicant measured at the two salinities. 
Table 4.4: Concentrations of salinity, atrazine, molinate and chlorpyrifos that 
caused a fifty percent reduction in cell yield (ICSO) to P. subcapitata acclimatised 
and non-acclimatised to high salinity (6000 J..LS/cm) and the corresponding 95°/ o 
confidence limits. 
Toxicant ICSO (cultured at 100 l CSO (cultured at 6000 
-
~m) ~S/cm) 
Salinity* (~tS /cm) 559R ± 972 520 I ± 1759 
Atrazine (~tg/ L) 47.R 42.7 
(27. 1 63.5) (32.4 53 .9) 
Mol in ate (pg/L) 300.5 2R2.4 
(262.1 316-+) (240 .03 311.9) 
ChloqJyri fos 797 Ill g 
(~tg/ L_) _____ 
--
(673 I ~Rl_  -·L (900 - 146 1) 
*- mean IC50 or s ix sa linity toxic it y tests cx trnctcd from CLI SLl lll chnrt. 
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Based on the USEP A to xi cant classification (USEP A 2006), atrazine was very highly 
toxic, molinate was highly toxic and chlorpyrifos was moderately toxic (slightly over 
the limit of highly toxic) . There were no statistically significant differences in IC50 
values for the four toxicants between algae cultured at normal and at high salinity 
based on overlapping confidence limits. 
To compare toxicities of individual chemicals in both the normal and high salinity 
cultures, the IC50 values were expressed in moles/L (Table 4.5) (Wan1e and Schifko 
1999). The order of toxicity for high salinity acclimatised cultures was atrazine > 
molinate > chlorpyrifos and the order of toxicity was identical for the alga cultured at 
nonnal salinity. 
Table 4.5: IC50 values of atrazine, molinate and chlorpyrifos to P. subcapitata 
expresse d. I /L m mo es 
Toxicant (moles/L) ICSO (cultured at ICSO (cultured at 
100 f.lS/cm) 6000 f.lS/cm) 
Atrazine 2.22 X 10-7 1.98 X 10-7 
Molinate 1.60 X 10-6 1.51 x 1 o-6 
Ch lorpyrifos 2.27 x 1 o-6 3.19 X 10-6 
The IC50 values for the six salinity reference toxicant tests conducted under normal 
and under high salinity conditions are presented in Table 4.6. Only in one instance 
was the IC50 value of the acclimatised culture significantly (p ~ 0.05) different to that 
of non-acclimatised culture of P. subcapitata. Thus, overall there was no difference in 
the toxicity or salinity. 
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Table 4.6: The ICSO values and 95°/o confidence limits (in parentheses) for the 
toxicity of salinity to Pseudokirchnerie/la subcapitata cultured in normal (i.e. 100 
!J-S/cm) and h" h r · C 6000 SI ) ~ tg~ sa tmty t.e. , !J-; cm ; six re erence tests. 
ICSO values for P. subcapitata (~S/cm) 
Cultured at normal salinity Cultured at high salinity 
(i.e. 100 ~S/cm) (i.e. 6000 ~S/cm) 
3728 3148 
(3412 - 4377) (2069 - 6185) 
4612* 3174* 
(3779 - 5845) (270 1 - 3485) 
6368 7339 
(4918 - 7079) (5970- 8572) 
6257 6852 
(5336 - 7135) (5975- 8241) 
6489 6480 
(5875 - 7026) (3488- 6962) 
5546 5371 
(3609 - 6520) (4627 - 6221) 
* - Significantly different at (p :S 0.05) 
4. 4. 2. 2 Group 2 experiments 
The toxicity of the mixtures of salinity and each pesticide to the high salinity 
acclimated alga is presented in Figure 4.4. The toxicity of all treatments of atrazine I 
salinity and molinate I salinity mixtures conformed to concentration addition 
(additivity) except for Treat1nents 1, 4 and 5 of the chlorpyri fos I salinity mixture, 
which conformed to antagonism. These results were c nfirmed with the ICSO values 
for these mixtures (expressed in TUs) presented in Table 4.7. Statistical cmnparisons 
between IC50 values of P. 5;uhcopitota cultured in the normal and high salinity could 
only be made for the chlorpyrifos and salinity mixture. This mixture was significantly 
(p S 0.05) less antagoni tic in the high salinity culture and/or the high sa linity culture 
was significantly more sensitive than that in the normal salinity culture. 
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Figure 4.4: The toxicity of mixtures of individual pesticides with varying 
salinities to P. subcapitata cultured in high salinity algal media with a salinity of 
6000 ~Sicm. A Atraziuelsalinity; B Molinatelsalinity; C 
Chlorpyrifoslsalinity. Solid line represents the expected additivity. Two dashed 
lines indicate the 30°/o deviation from additivity. Mixtures that lie to the right of 
the lower dashed line are classed as antagonistic, while those that lie to the left of 
the upper dashed line are classed as synergistic. Each dot represents a treatment. 
Table 4.7: The IC50 and 95°/o confidence limit values, expressed as toxic units 
(TUs), for the mixtures of individual pesticides (each present at a fixed 
concentration) and salinity for P. subcapitata cu ltured in normal and high 
r . I I d" sa.tn tty a ~ga . me 1a. 
Toxic combinations P. subcapitata ICSO values (TU) 
Normal salinity High salinity culture 
culture (1 00 j!S/cm) (6000 !J.S/cm) 
Atrazine fC50 and salin ity <0.93 <0.93 
Molinate IC50 and salinity <0. 89 <0 .8 9 
Chlorpyrifos IC50 and sa linity 2 .02* 1.36* 
I ( UN - 2. 09) ( 1 42 I 74) I 
* ICSO va lues are stgmfica ntly (p :S 0.05) dtfferent. 
4. 4. 2. 3 Group 3 experimen/5' 
The resul ts of group 3 experim ents t. e. , tox icity re lationships of the equitox ic 
mix tures of pes6c ides are presented in Figure 4.5. They co nfo rmed to add it iv ity, 
except fo r Trea tment 1 in the atraz ine I molinate mixture. Trea tment 2 in the atraz ine 
I chlorpyrifos mi xture and Trea tment 1 in the atrazine I molinate I chlorpyriCos 
mi xtures, where the re lat ionships were synergisti c. No s ignificant d i fferenccs (p > 
0.05) were observed between the normal and high sa linity cultures l'or cquitox ic 
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mixtures. However, the IC50 values of the high salinity cultures were consistently 
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Figure 4.5: The toxicity of equitoxic 1nixtures of pesticides to P. subcapitata 
cultured in high salinity algal media with salinity of 6000 J..!S/cm. A -
Atrazine/n1olinate; B - Atrazine/chlorpyrifos; C - Molinate/chlorpyrifos, D -
Atrazine/molinate/chlorpyrifos. Solid line represents the expected additivity. 
Two dashed lines indicate the 30°/o deviation from additivity. Mixtures that lie to 
the right of the lower dashed line are classed as antagonistic, while those that lie 
to the left of the upper dashed line are classed as synergistic. Each dot represents 
a treatment. 
Table 4.8: The IC50 and 95°/o confidence limit (95°/o CL) values of the equitoxic 
pesticide mixtures, expressed as toxic units (TUs) for P. subcapitata cultured in 
norma I d h. h r "t I I d. an tgj sa 1111 :y a .ga me 1a. 
Toxic Combinations P. suhcapitata IC50 values (TU) 
Not·mal salinity culture (1 00 High salinity culture 
J..lS/cm) (6000 J..lS/cm) 
Atrazine and molinate 1.19 1.05 
(1 .08 - 1. 35) (0.68 - 1.3) 
Atrazine and chlorpyrifos 1.63 1.15 
(1.45 - 1. 74) (0 .71 - 1.38) 
Molinate and chlorpyrifos 1.49 1.14 
( 1.25 - 1. 66) (0.74 - I .37) 
Atrazine, molinate, and I .3t1 I .09 
chlorpyri fos ( 1.27 - 1.4o) (0 .7 5 - 1.28) 
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4. 4. 2. 4 Group 4 experiments 
Figure 4.6 shows the variations in the toxicity of the complex pesticides and salinity 
mixtures with increasing salinity. With the exception of all treatments in the molinate 
I chlorpyrifos I salinity mixture and Treatments 2 and 5 of the atrazine I molinate I 
chlorpyrifos I salinity mixture, the remaining treatments of the complex mixtures 
conformed to additivity (Figure 4.6). The non-additive treatments conformed to 
antagonism. 
The IC50 values for the high salinity cultures were significantly (p :S 0.05) lower than 
their corresponding values for the normal salinity cultures for the atrazine I 
chlorpyrifos I salinity mixture (Table 4.9). The other mixtures had similar toxicity to 
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Figure 4.6: The toxicity of mixtures of pesticides with varying concentrations of 
salinities to P. subcapitata cultured in high salinity normal algal media with 
salinity of 6000 ~S/cm (the toxic contribution from the combination of pesticides 
is equal to 1 TU). A - Atrazine/molinate/salinity; B - Atrazine/chlorpyrifos/ 
salinity; C Molinate/chlorpyrifos/salinity; D 
Atrazine/molinate/chlorpyrifos/salinity. Solid line r·epresents the expected 
additivity. Two dashed lines indicate the 30 4% deviation from additivity. 
Mixtures that lie to the right of the lower dashed line are classed as antagonistic, 
while those that lie to the left of the upper dashed line are classed as synergistic. 
Each dot represents a treatment. 
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Table 4.9: The IC50 values and 95°/o confidence limit (95°/o CL) values of the 
mixtures of pesticides with salinity, expressed as TU for P. subcapitata cultured 
1 d h · h r · 1 1 d. 1n norma an lg sa nuty a ga me 1a. 
Toxic Combinations ICSO TU 
Normal salinity High salinity culture 
culture (100 !J.S/cm) (6000 gS/cm) 
Atrazine, molinate and salinity 1.29 1. 17 
(0.99 - 1.64) ( 1. 10 - 1.25) 
Atrazine, chlorpyri fos and salinity 1.43* 0.94* 
(1.02- 1.59) (0.90- 1.28) 
Molinate, chlorpyr:ifos and salinity 1.51 1.78 
(1.39 - 1.89) ( 1.22- 1.89) 
Atrazine, molinate, chlorpyrifos and 1.38 1. 14 
salinity (1.21 - 1.69) (1. 11 - 1.22) 
* - Significantly different at (p ~ 0.05) 
4. 4. 2. 5 Occurrence of toxicity relationships 
The types and the frequency of occurrence of toxicity relationships for the different 
mixtures studied are presented in Table 4. 1 0. 
Table 4.10: The types of toxic relationships observed in the mixtures studied and 
t h . f f e1r requency o occurrence. 
Toxicity relationship Frequency of occurrence 
Additive 4 
Antagonistic 1 
Changed from antagonism to additivity* 1 
Changed from synergism to additivity* 3 
Changed from aclditivity to antagonism, to 1 
additivity and to antagonism* 
Changed from antagonism to additivity ond 1 
then to antagonism* 
Total 11 
*-Chan ges 111 toxicity relation hip occu rred with an increase in concentrations of mixtures. 
Each mixture combination showed a variety of relationships. The majority of the 
mixtures was additive, at least at the higher concentrations tested (Table 4.1 0). 
There were 55 combinations of mixtures in the 11 mixtures studied. Table 4.1 1 
summanses the number and percentage occurrence of the types of toxicity 
relationships in these mixtures. For the high salinity acclimated P. subcapit(lfa culture 
approximate ly 20, 71 and 9°/o of the mixtures conformed to antagonism, addit ivity and 
synergism, respec tive ly. Compared to the non-acclimated cu ltu re, accl imation 
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decreased the percentage that conformed to antagonism by 30o/o and this led to an 
identical increase in the percentage that confmmed to additivity and synergyism. 
Table 4.11: Types of toxicity relationships in different mixture combinations of 
salinity and pesticides atrazine, molinate and chlorpyrifos for P. subcapitata 
cu u d t 1 r ·t d h" h r ·t ure a norma sa 1n1 [y_ an Ig, sa Ini[y. 
Toxicity relationship P. subcapitata cultured P. subcapitata cultured 
at normal salinity at high salinity 
Number of o;o Number of o;o 
occurrence occurrence occurrence occurrence 
Antagonistic 28 50.9 11 20.0 
Additive 26 47.3 39 70.9 
Synergistic 1 1.8 5 9.1 
4.5. Discussion 
In this chapter comparisons were made between algal populations cultured at high 
salinity (6000 ~S/cm) with that cultured at normal salinity (100 ~J.S/cm) to determine 
if they responded similarly to pesticides and their mixture , and increasing salinity. 
A total of 11 mixtures had their toxicity to P. subcapitata determined in the present 
study (Table 4.11), giving a total of 55 combinations of mixtures. Of these 20o/o and 
90;o of the combinations of mixtures conformed to antagonism and synergism 
respectively while 71 o/o combinations conformed to additivity in the high salinity 
acclimated culture. These percentage concur with the ranges reported by Denecr 
(2000), Faust et al. (1994) , Warne and Hawker (1995) and Ross and Wan1e (1997) 
who found that between 5 - 15°/o of mixtures (irrespective of the type of chemical) 
were antagonistic (20o/o in present study) and a similar percentage were synergistic 
(9°/o in present study). 
By assummg concentration addition as the type of toxicant interaction for the 
mixtures examined in the present study, the toxicity of app roximately 90o/o of the 
mixtures would be estimated accurately or overestimated. Thus, concentrat ion 
add ition is an appropria te model to use for determining the toxicity of these mixtures 
to P. suhcopitota. 
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However, there are notable differences in percentage occurrence of different toxicity 
relationships between the high salinity acclimatised a nd nonnal salinity algal cultures. 
In high salinity cultures antagonistic relationships were reduced from 50.9o/o to 20o/o, 
additive relationships increased from 47.3 o/o to 70.9°/o and synergistic relationships 
increased from 1.8°/o to 9.1 o/o compared with normal cultures (Table 4.11) . These 
findings indicate that P. subcapitata cultured at high salinity had increased sensitivity 
to pesticide and salinity mixtures to a certain degree. Possible reasons could be 
salinity induced osmotic stress and changes in metnbrane permeability (Reed 1984) 
and salinity effects on phosphate metabolism (Rai and Shanna 2006) in the algae. The 
effects of different metallic ions in sa lt ma y not have a significant rol e since sea water 
has less toxic metals compared with saline effluents such as mine effluent, which has 
more toxic divalent ions (Yirn et al. 2006). 
The results of the present study should be interpreted conservatively as only one 
elevated salinity treatment was used (i .e., 6000 1J.S/cn1). If more salinities had been 
tested it would have been possible to discern whether there was an overall trend of 
increasing difference between the toxicity values generated for the normal and high 
salinity cultures. If that had occurred then it could be inferred that at some higher 
salinity, more significant (p S 0.05) differences in toxicity would occur. 
Due to the experimental design used in the current study the results of the above 
comparisons could be du to the long-term exposure of P. subcapiloto to the different 
sa linities (i .e., the effects of acclimatising to the different sa linities) or to the effects of 
exposure to the different sa linitics over 72 hours of the toxicity test (i.e ., the sa linities 
having immediate effects on uptake, solubility and metabolism of the pesticides and 
sa lini ty). This occurs because the P suhcopitolo cultures acclimatised to the different 
salinities were tested in those same sa lini ty medi8. This could ha ve been overcome by 
culturing the algae in non11al and high salinity media, as was done here, but then 
transfening them to normal sal inity media for conducting the tests. However, this is 
a lso like ly to create 8 problem - such a rapid change in alinity cou ld cause toxic 
shock to the algae that ·would override the toxicity or at least contribute to the tox icity 
meas ured under these circumstances . 
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Some freshwater algae have been shown to exhibit physiological adaptations and 
homeostatic responses to the exposure to elevated salinity and hence they have shown 
less stress and health effects (Kirst 1977; Lorenzo et al. 2007). Some of the 
physiological adaptations include maintaining the osmotic potential by changing the 
sucrose concentration in vacuoles in response to salinity and also by changing the 
membrane permeability. These phenomina were observed in freshwater algae that 
belong to Characeae (Bisson and Kirst 1983). In the case of Kirchneriella sp., several 
researchers (Kirst 1977; Lorenzo et al. 2007) concluded that the alga acclimates to 
different salinity (NaCl) concentrations, at the chloroplast level. They postulated that 
the alga acchmated by a ltering the LHCIT-PSIT coupling and at high NaC1 
concentrations, changing the thylakoid (membrane-bound compartment inside 
chloroplasts) stucture and the PSII to allow sufficient integrity of the photosynthetic 
membrane. In addition they also stated that the mucilaginous capsule surrounding the 
alga might play an important role in regulating the ionic balance. Therefore it appears 
that at least son1e freshwater alga species can adapt to unfavourably high salinity 
levels without loosing their ability to survive or alter their response to other toxicants. 
The observations of the present study may be due to the above or similar 
physiological adaptations and homeostatic responses of the P. szrbcapitatn to the 
elevated salinity. 
Given the above, we can state that culturing P. subcapitata at 6000 ~J-S /cm for five 
successive 72 hour long cultures (or approximately twenty cell doublings) and 
conducting toxicity tests did not alter their sensitivity in terms of ICSO va lues of 
indi vidual and mixture pesticide toxicities (except for two mi xtures) . However, in 
terms of overall percentage occurrence of toxic relationships, antagonism decreased 
and additivity increased in high salinity cu ltures in re ponse to toxicity of these 
mixtures. 
4.6. Conclusions 
With regards to indi viclu" l toxicities of pesticides, atrazine was very hi ghly toxic, 
molinate was highly tox ic and chl orpyrifos was moderately toxic . 
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The results suggest that exposure to higher salinity (i.e., 6000 !J-S/cm) over five 
successive 72 hour long cultures (or approximately twenty cell doublings) did not 
affect the sensitivity of the P. subcapitata to the pesticides atrazine, chlorpyrifos, 
molinate and salinity individually. For mixtures of the individual pesticides and 
salinity, mixtures of several pesticides and salinity, and equitoxic mixtures of the 
pesticides, the majority of the concentrations (71 o/o) tested conformed to concentration 
addition. Approximately 20o/o and 9%> of the mixtures tested conformed to antagonism 
and synergism, respectively. In terms of IC50 values, about 70o/o of the mixtures did 
not show sensitivity changes. Changes in toxic relationships in mixtures occurred i.e. , 
antagonistic mixtures in non-acclimatised cultures became additive in high salinity 
acclimatised cultures. It could therefore be inferred that there is an indication of 
certain degree of change in sensitivity at a salinity of 6000 ~tS/cm toP. subcapitata. 
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Chapter 5 
Effects of multigenerational exposure to salinity on reproduction, 
growth, feeding and life history traits of Daphnia carinata 
5.1. Abstract 
The sa linisation of freshwater bodies is a serious enviromnental issue in many parts of 
the world. It has created serious concerns about the impact on freshwater biota and on 
ecosystem functions. The present study determined the effects of salinity on the 
reproduction, growth, feeding and life history traits of Daphnia carinata when 
maintained over four generations (i.e., FO, Fl, F2, and F3) in water at five salinities 
viz. 200 (normal cladoceran water), 2000, 4000, 5500 and 6300 11-S/cm. The third 
brood neonates of each generation were used to commence the next generation. Daily 
observations were made, all neonates were counted and the mean total reproduction 
per fen1a le was estimated for each treatment in each generation. The intrinsic rate of 
natural increase was calculated using life tables for each generation in each treatlnent. 
The time to the first brood for each generation and the mean generation time in 
relation to the first three broods were also recorded. The lengths of the adults after 
producing the third brood of each generation (except F3) and the lengths of less than 
24 hours old neonates from the second brood of the FO - F2 generations were also 
recorded. The filtration and ingestion rates of the neonates aged between 24 and 48 
hours of the FO, F I, and F2 generations were also determined. 
The sensitivity of D. curinata to salinity increased over generations with regard to 
mean total reproduction per female and mean intrinsic ra te of natura l mcrease. 
Salinities greater than or equal to 5500 11-S/cm significantly reduced (p S 0.05) the 
reproductive abi li ty, adult lengths, intrinsic rate of natural increase and ingestion rate 
of D. carina to. Neonatal lengths and filtration rate , were sign ifica ntly reduced (p :S 
0.05) at a sa linity of 2000 and 4000 ~LS/cm, respecti cly. In the FO ge neratio n, slight 
mcreases in adu lt length , brood size and the int ri nsic rate of na tura l increase were 
fo und at 2000 ~LS/cm, w hich cou ld be due to less energy be ing needed for 
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osmoregulation at that salinity. Significant delays (p S 0.05) in the production of 
neonates (time to first brood and generation time) a lso occurred with increasing 
salinities.Development of tolerance to salinity as an adaptation over generations was 
not clearly evident from the results. The results however suggest that the salinisation 
of inland waters 1nay have long-term impacts on the viability and survival of 
freshwater organisms. 
5.2. Introduction 
The salinisation of freshwater environments has been identified as a continuous 
process in 1nany parts of the world (Jolly et al. 2001; Williams 1987). There is some 
information available on the effects of salinisation on the aquatic environment (Halse 
et al. 1998; Hart et al. 1991; James et al. 2003; Kefford 1998; Kefford et al. 2006; 
Kefford et al. 2005 ; Kefford et al. 2003). Increased salinity affects the ecological 
structure of the impacted environments by causing physiological stress in individual 
freshwater organisms. It has been emphasised that salinity acts as a toxicant when it 
exceeds certain threshold levels in freshwater organisms (Kefford et al. 2002). 
The variations in salinity in different inland water bodies in Australia show quite a 
wide range (Pinder et al. 2005). Table 5. 1 shows the range of alinities in inland water 
bodies in the Western Austral1an wheat belt. 
Table 5.1: Salinities of water bodies in the Western Australian ·wheat belt 
(Source: Pinder et al. 2005) 
-- --
No. of sites Salinity J..LS /cm 
86 <4300 
46 4300 - 14000 
69 14000 - I 40000 
Salinity-influenced areas are subject to fluctuations in sa linity over a ve ry long time 
and there are increasing trends of salinity in many areas. Jolly et al. (200 1) reported 
the average rates of increase in sal inity (correc ted linear electrical co nductivity trends) 
in streams of the Murray-Darling Bnsin nt 87 monitoring sta ti ons (Table 5.2). 
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Table 5.2: Mean salinities and salinity trends in streams in Murrumbidgee 
I A (S J 11 I 2001) rngatwn rea ource: o ry et a. 
Mean ± Standard Minimum Maximum 
Error) 
Salinity (~S/cm) 442 ± 81 46 6573 
Salinity trend (~S/cm/year) 4.37 ± 2.03 -6.9 139.5 
To study long term-exposure scenarios, chronic and multigeneration studies are more 
appropriate than acute tests. Multigeneration studies are prefened over chronic 
studies, since they provide information on population-level effects over generations, 
which are more realistic for understanding the long-term viability of the species of 
concern. Long-tenn exposure to toxicants over generations has been studied for 
various classes of chemicals using a range of organisms. The effects of pesticides on 
generations pre-exposed to pesticides of Daphnia were discussed by Villanoel et al. 
(2000), while Rose et al. (2002a, 2002b) studied similar aspects of an organic solvent 
and pesticides. Long-term pesticide exposure studies have also been conducted by 
Fenando et al. (1996), Vander Hoeven and GetTitsen (1997) and Villanoel et al. 
(2000a and b). Information is also available on inorganic chen1icals (Radix et al. 
2000; Vogt et al. 2007), organic chemicals (Tanaka and Nakanishi 2002). Studies on 
heavy metal acclimation over multiple generations were undertaken by (Bossuyt et al. 
2005), Muyssen and Janssen (2002) and Tsui and Wang (2007). However, only a 
limited amount of information is available on the long-term toxicity of salinity on 
freshwater organisms (Kefford et al. 2004). 
Zoop lankton including Dopllllio spp. have been used to study some aspects related to 
scllinity effects. Arner <1nd Koivi sto ( 1993) worked on the metabolism and life history 
of Daphnia magna, wh ile Teschner ( 1995) studied the life history and fitness of 
different clone of D. magnu found in freshwater and brackish water habitats. The 
tolerance and potential use of D. mognu for estuarine toxicity tests were studied by 
(Schuytema et al. 1997) while the scope for growth and fitness of D. mogno was 
studied by Bail lieu! et al. ( 1996). The growth and mortality of D . corinota wi th 
salin ity and temperature was studied by Hall and Burns (2002). Kefford et al. (2002) 
ha s presented the acute toxicit ies of different sa lts, incl uding sea sa lt, to D. corinotu . 
lnfo nnati on on os moti c regulation in erust<Jcea ns and c ladocerans in particular 
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including osmoregulatory organs, membrane permeability, adaptations and 
haemolymph osmotic potential are available (Aladin and Potts 1995; Pequeux 1995). 
Information on salinity covering the whole range of toxic effects, viz. growth, 
reproduction, life history and feeding for one organism is very rare. It IS very 
important to study all these aspects on appropriate test species that are found in a 
highly salinity-affected country like Australia. 
To understand and evaluate the effects of salinity, it is very important to select species 
representing ecologically relevant groups of organisms. The use of a single test 
species would not provide information on the impact of sahnity at the community 
level. Therefore, in addition to the fresh water alga Pseudokirchneriella subcapitata 
(see Chapter 2), the freshwater cladoceran Daphnia carinata , which is found in 
Australia, was selected to represent primary consumers in freshwater environments. 
The aim of the present study was to assess the effects of n1ulti-generational exposure 
to elevated salinity on reproduction, growth, feeding and life history traits of Daphnia 
carinata. 
5.3. Materials and 1\'Iethods 
5.3.1. D. carinata cultures 
D. corinolo was cu ltured following the methods described in the USEP A (2002). D. 
corino{(f were originally obtained from the Fisheries Research Station at Nanandera , 
NSW (.Julli, pers. comm.). 
D. corinola cultures were maintained in 2L beakers which contained 1.8 L of 
c ladoccran water and five adults. Cladoceran water is Sydney mains water that has 
been passed through a 1 ~m filter, treated with sodium thiosulphate (to remove traces 
of residual chlorine) and aemtcd at 20l)C for at least 24 hours before use. Cladoceran 
water was renewed three times a week, i.e. , on Monday, Wednesday and Friday. The 
renewed cultures were fed two spec ies of green <J!gae, A nkislrodesmus sp. and 
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Pseudokirchneriella subcapitata (50,000 cells/mL of each algal species). The cultures 
were maintained in a 16: 8 hours light : dark cycle, at 20 ± 1 oc. 
The salinity of Sydney main water after extended aeration ranged from 190 to 200 
J..1S/c1n. The recommended optimum salinity for culturing and conducting toxicity 
tests using D. carinata in the Methods Manual of the Ecotoxicology Section of the 
NSW DECC is 200 )-!S/cm. Therefore the salinity of culture media and controls were 
adjusted to 200 ~LS/cm and this was considered as the " normal salinity" for D. 
carinata. 
New cladoceran cultures were initiated each week on Wednesday using < 24-hour-old 
neonates. These were transferred to 2L beakers with fresh cladoceran water and food. 
Cultures were maintained for four weeks, at which point they were discarded and 
replaced by new cultures. Mass cultures of 1, 2 and 3 weeks of age were maintained 
throughout the study, thus ensuring a continual supply of neonates for use in the 
toxicity studies. 
5.3.2. Experimental design 
The treatments used for the multigenerational tests were 200 (the salinity of the 
cladoceran water) 2000, 4000, 5500 and 6300 ~tS/cm (based on the range finding tests 
of salinity acute toxicity for D. carina/a). These test solutions were prepared by 
mixing appropriate amounts of filtered, UV -sterilised and aerated sea water (collected 
!]·om Cronulla. NSW) with cladoccran vvater. 
The cladocerans were exposed to the above salini ty trea tments over four generations 
starting with a parental generation (FO) and three subsequent generations (Fl, F2 and 
F3) . Each treatment co nsisted of l 0 replicates. Each generat ion was terminated and a 
new generation commenced after at lcGst 90°/o or the contro l anima ls comple ted their 
third brood. The new ge nerations were started using third-brood neonates from the 
precedi ng generati on. 
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On terminating each generation, all the adults and the second brood neonates that 
were less than 24 hours old (except for the F3 generation) were preserved in sugar 
formalin to prevent distortion of the carapace (Haney and Hall 1973) for later length 
measurements. The body-length measurements were taken from the anterior-most part 
of the head to the base of the tail (Koivisto and Ketola 1995), with a Leica 
microscope, camera and image analyser (microscope - Wild Leitz Heerbrugg, Camera 
- Leica DC 100 and software - Leica Qwin Std v3 .2.0). The mean lengths of neonates 
and adults were calculated for each treatment in each generation. 
The survival of parental cladocerans and the number of neonates produced were 
recorded daily. Using the above data, the time to first brood and mean generation ti1ne 
T (defined as the average length of time between the birth of an individual and the 
birth of its offspring (Begon et al. 1996) over three generations, the mean brood size 
and the mean total reproduction per female (for the first three broods) in each 
generation were determined. The intrinsic rates of natural increase (r) of the D. 
carinata populations were calculated using the Eular-Lotka equation. 
5.1 
where x is the age in days , 1, is the number of females surviving on day x, and m, is 
the number of neonate produced on day x. The 95o/o confidence limits of r were 
calculated using a Jackknife resampling procedure (Taben1er et al. 1993). 
The feeding experiments were conducted with 24 to 48 hour-old neonates of the FO, 
Fl, and F2 generations, using the same salinity treatments in which they had been 
cultured. Each treatment consisted of four replicates, where five neonates were added 
to 100 mL of the lest so lution. An algal suspens ion of Pseudokirchnerie!/a 
subcapitafa was added to provide approximately 1.0 x 106 cells/1 00 mL. Only P. 
suhcopitota was used (and not a mixture of Ankislrodesmus sp. and P. suhcopito/o) to 
ensure accurate enumeration of algal ce lls by the elec tronic particle counter. The 
beakers were incubated for 24 hours at 20''C in darkness to prevent any algal growth 
during the incubation period . To correct for possible growth of the algae, another four 
replicates of each trentmcnt were also incubated under the same co nditi ons but 
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without cladocerans. Measurements of the algal cell densities were taken at the 
beginning and at termination of tests. The filtration rate (F), which is the volume of 
media cleared of suspended particles per unit time and the ingestion rate (I) , which is 
the number of cells consumed by an ani1nal at a given time, for each generation at 
each salinity treatinent were calculated using the method described by (Frost 1972). 
F= V /n (lnCi - Ln Cf)/t - A 





where F is the filtration rate (1-1Liind/hr), V is the test volume (J-LL), Ci and Cf are the 
initial and final algal concentrations ( cells/~tL) , n is the number of cladocerans per 
replicate and t is the feeding time (hours). A is the correction factor for changes in the 
blanks with final concentration Cf after time t. I is the ingestion rate ( cells/ind/hr) and 
Cm is the mean food concentration at time t. 
5.3.4. Statistical analysis 
The survival of adults m all four generations was tested using Fisher·s Exac t test to 
determine whether any salinity treatments had a significant (p _s 0.05) effect on 
parental mortality (OECD 1998) . 
All data were tested for homogeneity and normality using Bartlett's test and Shapiro-
Will ·s tests. Log or arcsine transformation of data was performed whenever 
necessR ry, prior to further stRtisti cR l RnRiysis. The (18ta on reproduction, brood s ize, 
time to first brood, generation time, feeding and ingestion rates were analysed using 
ANOV A and subjected to pair-wise ana lysis using either Bonferoni t tests or the 
Wilcoxon rank test with Bonferroni Rdjustment with an error rate of 0.05. Based on 
that, the no observed effect concentration (NOEC) and lowest observed effect 
concentratio n (LOEC) values were detem1ined . 
The intrinsic rate of natural increase (r) data were analysed using Dunnetfs test to 
co mpme va ri a tions between treatments in each generation (Meyer et al. 1987) and the 
NOEC and LOEC values were determined accordingly. 
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The point intercept method (Norberg-King 1998) was used to determine the salinity 
that caused a 25%> effect (EC25). The EC25 was selected since it generally 
corresponds to the NOEC value (Norberg-King 1998). The statistical differences of 
the endpoints among the generations were determined using EC25 with the use 
standard error of the difference test (Sprague and Fogels 1977). 
5.4. Results 
5.4.1. Effects of salinity on life history traits within each generation. 
The salinity treatments had no significant effect (p > 0.05) on parental mortality in 
any of the generations and therefore the data were used for further analysis without 
n1odification (OECD 1998). 
The effects of elevated salinity of the vanous endpoints measured over time are 
graphically illustrated in Figures 5.1 to 5.8. 
Figure 5.1 shows the variations m mean total reproduction per female for each 
generation. In the FO, F2 and F3 generations the 5500 and 6300 1-1S/cm treatments 
s ignificantly (p _::::: 0.05) reduced the total reproduction per fen1ale. However, in the F 1 
generation only the 6300 ~tS/cm treatment significan tly (p _::::: 0.05) reduced total 
reproduc tion per fema le. 
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Figure 5.1: Variations in mean total reproduction per female in each generation 
as a function of salinity. D. carinata cultured in A: FO generation, B: Fl 
generation, C: F2 generation, D: F3 generation. Bars are standard errors of 
means. * significantly different (p < 0.05) from the control for that generation. 
The variations in mean brood sizes as a function of salinity are illustrated in Figure 
5.2 for each generation. Mean brood sizes in the 5500 and 6300 ).lS/cm treatments in 
the FO and F2 generations were significantly (p _:::: 0.05) smaller than that of their 
appropria te controls (Figu re~ 5.2A and C). No significant differences (p > 0.05) 
among treatments were observed in the F I generation (Figure 5.2B). Mean brood size 
in the F3 generat io n in the 4000, 5500 and 6300 ~tS/cm treatments were significa ntl y 
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Figure 5.2: Variations in mean brood size in each generation as function of 
salinity, D. carinata were cultured in A: FO Generation, B: Fl Generation, C : F2 
Generation, D: F3 Generation. The error bars are standard errors of means. 
* Significantly different (p,:::: 0.05) from the control for that generation. 
The variations in time to first brood and mean generation time as a function of salinity 
are shown in Figure 5.3 for each generation. For time to first brood, significant 
decreases (p _:s 0.05) from that of the control were observed in the 2000 )J.S/cm 
treatment in the FO generation (Figure 5.3/\). Significant (p _s 0.05) increases occurred 
in 4000, 5500 and 6300 ~ L S/cm treatments of the F I generation (F igure 5.3B), in 6300 
~tS/cm of the F2 generation (Figure 5.3C), and in the 5500 nnd 6300 ~LS/cm trea tments 
of the F3 generation (Figure 5.3 D). 
For mean generation time, none of the trentmcnts in the FO generat ion were 
signi ficant ly different (p > 0.05) fro m thnt of the cot trod. The 5500 and 6300 ~LS/cm 
treatm ents of the Fl genera tion had signi ficn ntly tp _:::: 0.05) longer mean generatio n 
times than that of their appropriate co nt ro ls (Fig ure :.3 B). Onl y the 6300 ~L S/cm 
trea tm ent in the F2 genera ti on (F igure 5.3C) nncl 5501) <lnd 6_ 00 ~L S /cm treatments in 
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the F3 generation (Figure 5.3D) were significantly longer (p _::: 0.05) than that of their 
appropriate controls. 
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Figure 5.3: Variations in time to first brood and mean generation time as a 
function of salinity. The D. carinata were cultured in A: FO Generation, B: Fl 
Generation, C: F2 Generation, D: F3 Generation. Bars are standard errors of 
means. * Significantly different (p ::::= 0.05) from the control for that generation. 
The variations in neonatal length as a function of salinity are shown in Figure 5.4 for 
the FO, F 1 and F2 generations. All the sa linity treatments caused a significant (p _:s 
0.05) reduction in neonatal body length compared to that of their appropriate controls 
(Figures 5.4A - 5.4C). 
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Figure 5.4: Variations in body lengths of D. carinata neonates of brood 2, 
produced in each generation as a function of salinity. D. carinata were cultured 
in A: FO Generation, B: Fl Generation, C: F2 Generation. The error bars are 
standard errors of means. * Significantly different (p S 0.05) fron1 the control for 
that generation. 
Variations in adult body lengths as a function of salini ty are presented in Figure 5.5 
for the FO, Fl, and F2 generations. In the FO and F2 generations, the 5500 and 6300 
~tS/cm treatments body lengths were significantly (p :S 0.05) smaller than that of the 
appropriate contro ls. In the f l generat ion, the 4000, 5500 and 6300 ~tS/cm trea tments, 
body lengths were significantly smaller (p :S 0.05) than that of the appropriate co ntrols 
(F igure 5.58) . 
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Figure 5.5: Variations in body lengths of D. carinata adults in each generation as 
a function of the salinity. D. carinata were cultured in A: FO Generation, B: Fl 
Generation, C: F2 Generation. Bars are standard errors of means. 
* Significantly different (p ~ 0.05) from the control for that generation. 
Variations in D. carinota filtration rates as a function of sa linity are shown in Figure 
5.6 for the FO - F2 generations. No significant differences (p > 0.05) were observed in 
the filtration rates of D. carinata in the FO generation (Figure 5.6A). For the Fl 
generation, in the 5500 and 6300 ~tS/cm treatments , filtration rates were significantly 
reduced (p :=:: 0.05) compared to that of the control (Figure 5.6B). For the F2 
generation in the 4000, 5500 and 6300 ~S/cm treatments, filtra tion rates were 









2 00 2 000 4000 5500 6300 
uS/cm 
Figure 5.6: Variations in filtration rates of D. carinata in each generation as a 
function of salinity. D. carinata were cultured in A: FO Generation, B: Fl 
Generation, C: F2 Generation. Bars are standard errors of means. 
* Significantly different (p,::: 0.05) from the control for that generation. 
Variations in D. carinata algal ingestion rates as a function of salinity are shown in 
Figure 5. 7. In the FO generation, ingestion rates in the 6300 ~LS/cm treatment were 
significantly (p S 0 .05) reduced compared to that of the control (Figure 5. 7 A) while 
there were no significant (p > 0.05) differences in the F l generation (Figure 5. 7B). In 
the F2 generation, ingestion rates in the 4000, 5500 and 6300 ~tS/cm treatments were 




50000 ,.- -------- ----, ~ 40000 I 
~ 30000 -~ 20000 I\ I l I l I l 
1 oooo -1---_L.. ..,.-----'-· ......,.----..J·'--r--.L. -,---1_,_1-l 
l!!!! ~~---I-1... --,---r...LI-.---_r .!-1 ..,.---r_i'--r---I~~ -l~ 
200 2000 4000 5500 6300 200 2000 4000 5500 6300 
uS/cm uS/cm 
c 
50000 [i----~ ~ 40000 
~ 30000 I I I * * * 
= 20000 - I ~ 10000 I , = I I I , 
200 2000 4000 5500 6300 
uS/cm 
Figure 5. 7 Variations in ingestion rate of D. carinata in each generation as a 
function of salinity. D. carinata were cultured in A: FO Generation, B: Fl 
Generation, C: F2 Generation. Bars are standard errors of means. 
* Significantly different (p ::=: 0.05) from the control for that generation. 
Variations in intrinsic rate or natural increase (r) as a function of salinity are presented 
in Figure 5.8 . The values of the FO generation did not significantly (p > 0.05) differ 
from that of the control (Figure 5.8A). The r value in the 5500 and 6300 ~LS/cm 
treatments were significantly (p :::=: 0.05) lower than those of the appropriate controls in 
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Figure 5.8: Variations in intrinsic rate of natural increase (r) of D. carinata in 
each generation as a function of salinity. D. carinata were cultured in A: FO 
Generation, B: Fl Generation, C: F2 Generation, D: F3 Generation. Bars are 
standard errors of means. * Significantly different (p _::: 0.05) from the control for 
that generation. 
5.4.2. Comparison of the effect of salinity across generations 
To dete1mine if the effect of salinity on the life history traits of D. carinatu changed 
over time, two differe nt app roaches were used. Firstly, the NOEC and LOEC values 
for each generation were compared (Table 5.3) . However, th is app roach does not 
permit sta tistica l compari sons between the effects that sa linity had on each genera tion. 
Therefo re, a second app roach in which the salinit ies that caused a 25% deleterious 
e ffec t (EC25) we re ca lcul a ted for eac h life his to ry tra it at each generation (Table 5.4) 
and the e were co mpared us ing the s tandard error of the diffe rence tes t (Sprague and 
Foge ls 1977) . The intrinsic ra te of na tura l increase va lues of each generation (FO -
F3) were a lso co mpa red (S prague and Fogels 1977) to cle tem1ine the va ri a tions among 
t h~ generatio ns and are prese nted in Table 5.5. 
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Table 5.3: The no observed effect concentrations (NOEC) and lowest observed 
effect concentrations (LOEC) values of salinity to selected life history traits of D. 
carinata in each oeneration E, 
End{>oint FO Fl F2 F3 
Total NOEC 4000 >6300 1 5500 4000 
Reproduction LOEC 5500 >6300 6300 5500 
Mean brood size NOEC 2000 >6300 4000 2000 
LOEC 4000 >6300 5500 4000 
Time to first NOEC BLT2 4000 5500 4000 
brood LOEC 2000 5500 6300 5500 
N eonate length NOEC BLT BLT BLT ND3 
LOEC 2000 2000 2000 ND 
Adult length NOEC 4000 2000 4000 ND 
LOEC 5500 4000 5500 ND 
Filtration rate NOEC >6300 4000 2000 ND 
LOEC >6300 5500 4000 ND 
Ingestion rate NOEC 5500 >6300 2000 ND 
LOEC 6300 >6300 4000 NO 
Mean generation NOEC >6300 2000 5500 4000 
tin1e LOEC >6300 4000 6300 5500 
Intrinsic rate of NOEC >6300 4000 4000 4000 
nat. increase LOEC >6300 5500 5500 5500 
1. 
-
. . 2. 
-> 6300 - greater than the h1ghest tested salm1ty treatment. BL f - below the lowest tested 
salinity treatment. 3· ND = Not detennined. 
In terms of NOEC and LOEC values, only for time to first brood and filtration rate 
were there any consistent trends in the effect that salinity had over time (Table 5.3). 
For time to first brood the NOEC and LOEC values increased between FO and F1 and 
then remained similar; while for filtration rate NOEC and LOEC values decreased 
over time. 
The only life history trait where there were significant (p ::: 0.05) changes in the EC25 
va lues between generations was mean total reproduction per fema le (Table 5.4). The 
mean total reproduction per female of the FO generation was ignificantly sma ll er (p S 
0.05) than that of the F l and F2 generatio ns, but significantly larger (p S 0.05) than 
that for the F3 generation (Tab le 5.4). Thus there was no consistent trend over tim e. 
The mean intrinsic rate of natural increase va lues were s ignifican tly smaller (p S 0.05) 
in the Fl and F2 generations compared to that of the FO (Table 5.5). However, the F3 
generation was not s ignificantl y different (p > 0.05) from the FO generation. 
94 
--
Table 5.4: Salinities which caused a 25o/o deleterious effect on selected life history 
traits of Daphnia carinata for generations FO to F3. (confidence intervals are 
. d. t d. th ) 10 tea e In paran eses 
Life history trait Measure FO Fl F2 F3 
of toxici ty 
Total reproduction EC25 4474 5958* 4761* 4186* 
per female (2502- 5429) (5351-6249) ( 4052- 5695) (3260-4696) 
Mean brood size EC25 5297 >63003 4825 4705 
(2882-61 05) (3524-5609) (2499-6128) 
Neonate length EC25 5428 >6300 >6300 NDb 
(3740-5775) 
Adult length EC25 >6300 >6300 6242 ND 
(6081-6295) 
Filtration rate EC25 3907 4680 3179 ND 
(2212-600 1) (2781-5820) (2459-4348) 
Ingestion rate EC25 3656 >6300 3001 ND 
(2155-5958) (2292-3645) 
a - values with a greater than sign are where the EC25 values was greater than the highest 
tested salinity. Such values cannot be compared statistically to those in other generations. b 
ND = Not detennined. * indicates values that are significantly (p :S 0.05) different to the FO 
value for that life history trait. 
Table 5.5: The variations of mean intrinsic rate of natural increase of D. carinata 
in oenerations of FO - F3 b 
Life history trait FO Fl F2 F3 
Intrinsic rate of 0.27 0.24* 0 .23* 0.24 
natural increase (0 .25 - 0.28) (0.23 - 0.25) (0 .21 - 0. 24) (0 .18- 0.30) 
--'--------------------- ---------
* indicates values that are significantly (P :S 0.05) different to the FO value 
5.5. Discussion 
The tvvo factors that control the intrinsic mtc of natural increase arc adult sun·i\·£1] and 
reproduction (equation 5.1). The survival of adults wa not affected at any of the 
salinities tested inespective of the generation. However, the time to first brood and 
mean generation time were both detrimentally affected by the higher salinity 
treatments, with the exception of the FO generation. Significant delays in reproduction 
mean that the intrinsic rate of natural population increase should be reduced and this 
was observed for salinities 2': 5500 pS/cm (Figure 5.8). The intrinsic rate of natural 
increase denotes the favourabi lity of the environment for growth and reproduction. 
and fitness of the species in the env ironment. In the present study it is clear that 
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salinities at or above 5500 !J.S/cm do not provide a favourable environment for 
survival. 
Reduced feeding capability by the cladocerans due to the reduction in filtration and 
ingestion rates could have negative impacts on the scope for growth and fitness of the 
organisms (Baillieul et al. 1996). It has also been shown that undernourished 
cladocerans are more sensitive to toxicants(Rose et al. 2002a). Reduced feeding could 
be due to either direct or indirect effects of salinity. Direct effects include the fact that 
increased salinity suppresses appetite or reduces the quality of the algal food. Indirect 
effects include the fact that salinity reduced the length of neonates (Figure 5.4) and 
thus their overall size and smaller cladocerans would tend to eat less food than larger 
cladocerans. 
Freshwater cladocerans have excellent ostnoregulatory abilities to maintain their 
haemolymph at hyperosmotic (i.e. more saline) concentrations compared to that of the 
external environment (Aladin and Potts 1995). Cladocerans in the control freshwater 
medium (200 !J.S/cm) expend energy on this active osmoregulatory process, which 
could otherwise be used for other vital processes such as reproduction and growth. 
The present study reveals that in the lower salinity treatments (i.e., 2000 and 4000 
~LS/cm) undesirable impacts are not clearly visible in tenns of the life history traits 
studied. On the contrary. slightly, but not significantly (p > 0.05) higher reproduction 
(in terms of mean tota l reproduc tion per female and mean brood size) was sometimes 
observed in moderately elevated salinity treatments. This occurred in the 2000 ~LS/cm 
tredtment in the FO generation, in the 2000 and 4000 ~LS /cm treatments of the Fl 
generation and in the 4000 ~LS/cm treatment of the F2 generation for mean total 
reproduction per female. on-s ignifica nt (p > 0.05) increases also occuned in the 
2000, 4000 and 5500 ~LS/cm treatments in the Fl generation for mean brood size. 
These slight increases are consis tent wi th the cladocerans having to expend less 
energy on osmoregul at ion (as the amb ient sa linity approaches the ir interna l sa linity) 
and hav ing more energy ::1vai labl e for reproduction. Am er and Koivisto ( 1993), 
recorded population grow th rate and time to ach brood of D. magno were optimum at 
a sa linity of 6500 pS 1c m \\'hich is higher th::1n the results of the present study. 
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However, this variation could be as a result of the differences in two species used in 
the two studies. 
In higher salinity external environments, internal body fluid and haemolyrnph become 
iso-osmotic, and if the salinity increases further, it can cause detrin1ental effects, 
including lethality. Based on the results of the present study, salinities higher than 
5500 ~S/cm in general caused significant deleterious impacts on D. carinata , and the 
cladocerans appear to be increasingly stressed. Total reproduction, time to first brood, 
intrinsic rate of natural increase, filtration and ingestion rates were compromised with 
increasing salinity as it becomes increasingly difficult for the cladoceran to cope 
physiologically. Behavioural changes may also play a role, as indicated in the lower 
feeding and ingestion rates at high salinity, which could be a precautionary measure to 
reduce salt uptake. 
The salinity treatments in the present study used sea water, because Australian inland 
saline waters have a sin1ilar ionic composition to that of sea water (Bayly and 
Willimns 1972). Sea water is mainly dominated by less toxic monovalant ions such as 
Na+ and er ions and is relatively low in the Inore toxic divalent ions. Because of this, 
unlike some other inland saline waters such as mine drains, salinity seems to act as a 
physiological stressor rather than a conventional toxicant. This explains the lack of 
salinity-induced adaptations through the generations other than mean total 
reproduction in the F 1, F2 and F3 generations, and the variations in intrinsic rate of 
natural increase among the Fl and F2 generations. Tanaka and Nakanishi (2002) , 
working on the p-nonylphenol toxicity on D. galeota, observed a similar trend but 
attempted to desctibe the trans-generational effects based on high still-births and 
neonatal mortality. Genetic characteristics could also play a role in differences in 
responses to toxicants (Teschner 1995) but the present study was conducted with 
cultures that reproduced parthenogenetically over an extended period and therefore 
any genetic variation w ithin these D. carinata in the present study would be minimal. 
The parameters that provide better indi ca tions of the impacts of sa linity within each 
genemt ion, in descending order, are neonatal length, adult length, intrinsic rate of 
nat ura l increase, filtration rate and ingestion rate . The effec ts between generations 
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were better displayed by the mean total reproduction and mean intrinsic rate of natural 
Increase. 
5.6. Conclusions 
There were no significant effects of salinity to D. carinata up to 4000 ~-tS/cm over the 
generations studied except for neonatallengths. Generally, at salinities 2: 5500 ~-tS/cm , 
reproductive ability, adult body lengths, intrinsic rate of natural increase, filtration 
rates and ingestion rates of D. carinata were significantly reduced. However, for 
some endpoints, such as neonatal length and time to first brood, significant effects 
occurred at 4000 ~-tS /cm and, for length, at 2000 ~tS/cm. Slightly greater adult length, 
brood size and intrinsic rate of natural increase at 2000 ~-tS!cm in the FO generation 
indicates that the energy saved from osmoregulation can be used for the other 
functions such as growth and reproduction. Significant delays in the production of 
neonates also occurred with increasing salinities.The sensitivity of D. carinata m 
tenns of total reproduction per female and the mean intrinsic rate of natural increase 
both increased due to exposure to elevated salinity. D. carinata did no t develop 
tolerance to increased levels of sa li nity over the generations for any of the endpoints 
measured. The resul ts of the present tudy showed that, salinisation of inland waters 
could have long-ten11 detrimental impac ts on cladoceran populations and hence may 
affec t zooplanktivorous spec ie in the aquatic food chain. 
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Chapter 6 
Acute toxicity of salinity and the pesticides atrazine, chlorpyrifos and 
molinate individually and as mixtures to the freshwater cladoceran 
Daphnia carinata 
6.1. Abstract 
Salinisation of inland water bodies occurs in many parts of the world. This issue is 
serious in Australia, especially in agricultural areas which are also subject to pesticide 
pollution. Aquatic organisms are, therefore, likely to be exposed to mixtures of 
pesticides and salinity. However, there is little information availab le on the toxicities 
of combinations of pesticides and salinity on freshwater organisms. The present study 
detennined the concentrations of salinity, atrazine, chlorpyrifos and molinate that 
each caused immobilisation of 50% (ECSO irrunobilisation) of the population of the 
freshwater cladoceran, Daplznia carinata . The toxicity of mixtures of each pesticide 
with salinity, equitoxic mixtures of the pesticides, and finally mixtures of pesticides 
and salinity were dete1mined and expressed as toxic units (TU). The mean toxicities 
of salinity, atrazine, molinate and chlorpyrifos acting individually were 8800 ~S/cm, 
42 mg/L, 25 mg/L and 0.21 ~Lg/L , respectively. The mixtures of atrazine/salinity 
generally caused toxicity consistent with concentration addition (add itivity). The 
toxicities of the chlorpyrifos/salinity and molinate/salinity mixtures were generally 
consistent with antagonism. for the cquitoxic mixtures or pesticides (i.e., 
atrazine/molinate, atrazine/chlorpyrifos and atrazine/molinate/ch lorpyrifos), tox icity 
was consistent with antagonism be low I TU and was then consisten t with additivity 
and synergism at h igher concentrations. Mixtures of mult ip le pesticides and sa linity 
were predominant ly add itive. T here were fourteen mixtures tested giving sixty-nine 
trea tment COmbinat ionS Of' whi ch 50°/o Of the COmbinat ionS \Ve re CO nsistent w ith 
adcl itivity wh ile 1 Oo/o and 40o/o oC the combina tions vvcre cons istent w ith synergism 
and antago nism, respective ly. T hese res ults suggest the need for inco rpo ra ting 
mi xture tox ic it ies in to the deri \ atio n or water qua lity guidel ines . 
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6.2. Introduction 
The issue of increasing inland salinity is a world wide-problem (Williams 1987). 
Australia in particular suffers from salinisation of inland water bodies and the 
problem predominantly occurs in agricultural areas (Pinder et al. 2005) where the 
extensive use of pesticides is also prevalent (Muschall and Wame 2003). Therefore, it 
is i1nportant to understand the combined effects of salinity and pesticides on the 
aquatic biota. Information on the toxic effects of salinity on individual pesticides is 
fairly well documented (Donham et al. 2006; Hall and Anderson 1995; Hall et al. 
1995). However, most of the studies were confined to estuarine or euryhaline 
organisms whose habitats are saline (Hall and Anderson 1995) and not on freshwater 
biota that are likely to be affected by increased salinity. The little information 
available on freshwater species is restricted to mixture toxicity effects of single 
pesticides with salinity (Hansen 1972) and not on mixtures of pesbcides and salinity, 
which represent a 1nore realistic situation in the natural envi ronrnent. 
The in1portance of studying the toxic effects of mixtures of chemicals on organisms 
has been widely discussed by the scientific com1nunity. In particular, emphasis has 
been placed on the need to incorporate mixture toxicity information in drafting and 
fonnulating environmental quality standards (Calamari and Vighi 1992; Chevre et al. 
2006; ECETOC 2001; Junghans 2004; Junghans et al. 2006; Wa1ne 2003). Yet 
despite acceptance of the need for toxicity data on mixtures , the vast majotity of 
toxicity testing st ill examines the effects of individual chemica ls. 
It is important to study toxicities of mixtures of sal inity and pesticides using a 
representative test organism in order to understand their effec ts. Cladocerans are 
among the most widely used test animals for ccotoxicological studies and they 
represent the primary co nsumer trophic level in freshwater food chains. The 
freshwater cladoceran, Dopl111io corinoto , which is found in Australia, is con idered a 
suitable species as it is distributed in sa linity affected areas (Benzie 1988) . D. 
corinoto has been used in toxicolog ical studies related to salinity a lone (Hall and 
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Bums 2002; Kefford et al. 2002) and pesticides (Barry et al. 1995; Zalizniak and 
Nugegoda 2006). 
Given the potential for Australian freshwater organisms to be exposed to mixtures of 
pesticides in combination with salinity, and the lack of toxicity data, the objectives of 
the present study were to 1) determine the acute toxicity of atrazine, chlorpyrifos, 
molinate and salinity individually to D. carinata, and 2) determine the acute toxicity 
of various mixtures of the above chen1icals and salinity to this species. 
6.3. l\1aterials and Methods 
6.3.1. Test species 
The freshwater c ladoceran, Daphnia carinata, was selected as it has been widely used 
for toxicity testing (Chandini 1989; Phyu, Wan1e t al. 2004; Zalizniak and Nugegoda 
2006), is easy to maintain and culture; has a relatively short life cycle (i.e., it breeds 
after approximately 10 days and lives for approximately 60-80 days); represents the 
trophic level of pritnary consumers and as such i linked to higher levels of food web 
via zooplanktivorous fish. The D. carina/a populations used in the present study were 
obtained from the Centre for Ecotoxicology, Lidcombe, NSW, Australia, which were 
original ly sourced from the NSW Fi heries Research Station at Nanandera, NSW, 
Australia (Moreno Julli , NSW DECC, pers. comm.). 
6.3.2. Toxicants 
The pesticides used in the sh1dy were atrazine ( 6-chloro-N2 -ethy!-N' -isopropyl-1, 3, 5-
triazine-2, 4-diamine; CAS No-1912-24-9), chlorpytifos (0,0-Diethyl-0-(3,5 ,6-
trichloro-2-pytidinyl) phosphorothioate, CAS No. 2921-88-2) and molinate (s-ethyl 
N, N-hexa methylene thiocarbamate; CAS No-2212-67 -1 ). All three chemicals were 
reagent-grade technical chemicals (2':97°/o purity) . These three pesticides were selected 
si nce they are among the commonly used pesticides in Australian agticulture 
(Bowmer e t al. 1998) . 
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Sea water collected from Cronulla (NSW, Australia) was used as the source of salinity 
in the toxicity tests for the effect of salinity. Sea water was used as the ionic 
composition of Australian inland salt is essentially identical to that of sea water 
(Bayly and Williams 1972) . 
Stock and working solutions of pesticides were prepared in analytical grade (99% 
purity) acetone as the carrier solvent. The stock solutions were stored in a freezer at -
4°C and all working stock so lutions were made immediately prior to use 
6.3.3. D. carinata cultures 
The culturing of D. carinata was carried out according to the methods specified in the 
Methods Manual of the Ecotoxicology Section of the NSW DECC. Detailed culture 
techniques are described in Chapter 5 of this thesis. 
6.3.4. Experimental design 
Toxicity experiments were conducted in four groups. An overall description of the 
experimental design of these four groups is provided below. This is followed by 
details of the experimental design. 
6. 3. 4. 1. Group 1 experiment,.,· 
Group 1 experim ents consisted of acute toxicity tests for sal inity, atrazine, molinate 
and chlorpyrifos - each tested separately. Each experiment consisted of a control and 
five trea tments of increasing concentrations of a pesticide or salinity. Based on the 
results of these tests, the concentrations of indi vidual chemicals and salini ty to be 
used in the mixture tests were detem1ined . 
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6. 3. 4. 2. Group 2 experiments 
Group 2 experiments detennined the toxicity of mixtures of salinity with individual 
pesticides (i.e., salinity and atrazine, salinity and chlorpyrifos, and salinity and 
molinate). The treatments in these experiments used a fixed concentration of a 
pesticide with increasing concentrations of salinity (Table 6.1 ). The experiments were 
designed so that the following pesticide concentrations were tested: 
• 0.5 TU for atrazine 
• 1 TU for atrazine 
• 0. 5 TU for molinate 
• 1 TU for molinate 
• 1 TU for chlorpyrifos 
• 1.5 TU for chlorpyrifos . 
The contribution of toxic units for each pesticide was determined based on the 
preliminary range finding experiments. The mixture of chlorpyrifos and salinity was 
shown to be conform to antagonism and therefore 1 and 1 . 5 TU for chlorpyrifos were 
considered as appropriate. This will not lead to any overestimation of the type of toxic 
joint action, as the TU values of the components of the mixture are accounted for in 
detennining the predicted toxicity and therefore whether the mixture was additive, 
synergistic or antagonistic. The actual concentrations (in terms ofTUs) used in Group 
2 experi1nents are presented in Table 6.1. 
Table 6.1: Concentrations of each treatinent of each pesticide and salinity 
mixture expressed in toxic units (TUs) and the contributions of salinity to the 
treatment. The pesticide in each mixture had a fixed concentration, while that of 
r · d sa 1n1ty mcrease 
Toxic I Concentration of mixtures ('l'Us) 
Treatment contribution pesticide present pesticide present pesticide present 
from salinity at 0.5 TU at I TU at 1.5 TU 
Control 0 0 0 0 
I 0 0.5 I 1.5 
2 0.46 0.96 1.46 1.96 
·-f---· 
3 0.6R 1.1 R 1.6R 2.1 R 
4 0.79 1.29 1.79 2.29 
5 0.91 1.4 J 1.91 2.41 
6 1.14 1.64 2.14 2.64 
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6.3.4.3. Group 3 experiments 
Group 3 experiments consisted of mixtures of all possible combinations of the 
pesticides (i.e. , atrazinelmolinate, atrazinelchlorpyrifos, chlorpyrifoslmolinate, and 
atrazinelmolinatelchlorpyrifos). Each experiment consisted of a control and six 
pesticide mixture treatments of increasing TUs (Table 6.2). The mixtures were 
equitoxic- i.e., each pesticide was present in the mixture at the same proportion of its 
own EC50 value measured individually. Thus, m Treatment of the 
atrazinelchlorpyrifoslmolinate test where the total TU is 0.24, each pesticide would be 
present at a concentration of 0.08 TU of its EC50 value. 
Table 6.2: Concentrations of each treatment of the equitoxic pesticide mixtures 
expresse d t ·t (TU ) as OXlC Unl S s . 
Concentration of mixtures (TUs 
Treatment atrazine/ atrazine/ chlorpyrifos/ atrazine/ 
molinate chlorpyrifos/ 
mixture chlorpyrifos molinate molinate 
Control 0 0 0 0 
1 0.24 0.25 0.24 0.24 
2 0.48 0.49 0.49 0.49 
3 0.95 0.98 0.98 0.97 
------ c--
4 1.19 1.23 1.22 1.21 
5 1.43 1.47 1.47 1.46 
6 1.91 1.96 1.96 1.94 
··-'--·---·--- -'-- -----
fi.3 .4.4. Group 4 experi77lents 
Group 4 experiments consisted of combinations of two or more pesticides with 
sa linity (j .e., atrazine I mo linate I salinity, atrazine I chlorpyrifosl salinity, molinate I 
chlorpyri Cos/salinity, e1nd atm zine/mohnate/chlorpyrifos/salinity). Each experiment 
consisted of a contro l and six concentrations of the mixture. All treatments of each 
mixture conta ined a fixed concentration of pesticide (i .e. , a total of 1 TU) but 
increasing sa linity (Tab le 6.3). The pesticide component of each mixture was present 
as an equitox ic mi xture - thus in the bina ry mixtures each pesticide was present at 0.5 
TU and in the terti ary mi xtures each pesticide \Va s present at 0.33 TU. 
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Table 6.3: The concentration of each treatment of each pesticide and salinity 
mixture expressed as toxic units (TUs) and th e contribution to the treatment of 
salinity. Pesticide mixtures had fixed concentrations, while that of salinity 
increased. 
Concentration of mixtures (TUs) 
Toxic 
atrazine/ atrazine/ chlorpyrifos atrazine/ Treatment contribution molinate/ 
from salinity molinate/ chlorpyrifos/ I molinate/ chlo rpyrifos 
salinity salinity salinity /salinity 
Control 0 0 0 0 0 
1 0 0.95 0.98 0.98 0.97 
2 0.46 1.18 1.21 1.21 1.20 
3 0.68 1.41 1.44 1.44 1.43 
4 0.79 1.64 1.67 1.67 1.67 
5 0.9 1 1.87 1.89 1.89 1.89 
6 1. 14 2.09 2.12 2.12 2.11 
6.3.5. Test method 
The acute toxicity testing method used was based on USEP A protocols (USEP A 
2002) except that an Australian cladoceran species, D. carinata was used; animals 
were maintained in mass cultures, and only algae were provided as food. 
The acute toxicity tests were designed to subject the < 24-hour-old neonates to 
geon1etrically increasing concentrations of toxicants and their mixtures over a 48-hour 
period. Immobilisation was the test endpoint. Immobilisation is defined as the 
absence of visible movement of the antennae and appendages, except for minor 
spontaneous, random activity, within 15 seconds of gentle agitation of the test 
solution (ASTM 1998). 
Each acute toxicity test con~isted of five concentrations for individual toxicants and 
six concen trations for toxicant mixtures , together with a control and a so lvent control 
where appropriate. For the salinity-on ly tests , each treatment was conducted in 
pentuplicate, w hile for tests using the pesticides and mixtures of salinity and 
pest icides, eac h trea tment was conducted e ight times. For a ll tes ts four rep licates of 
each tr atment had neona tes random ly allocated, and the fifth rep lica te was used 
so le ly to measure the physicochemical properties of the test solution ( i.e., pH, 
temperature, disso lved oxygen and sa linity) and therefore no neonates were added. 
For the pesticide cmd mix ture tes ts, the sixth to e ighth rep lica tes wer used for 
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chemical analysis of the toxicant(s), which were measured at the beginning and at the 
end of each test. Physico-chemical parameters (i.e., pH, temperature, conductivity and 
dissolved oxygen) of the test solutions were measured and recorded prior to test 
commencement and at 48 hours. The test solutions were not aerated and the 
cladocerans were not fed dming the tests. Neonate immobilisation was counted at 48 
hours. 
All toxicity tests were conducted in 214-mL screw-capped clear glass bottles. This 
was to minimise loss of the chemicals through volatilisation. Test solutions were not 
renewed during the acute toxicity tests. 
A reference toxicity test, using sea water, was conducted with each batch of neonates 
used in the present study. Results of the reference toxicity tests were compared to a 
cumulative smrunary (Cusum) chart to assess the acceptabilit-y of each batch of test 
organisms. Cusum charts were established following the methods established by the 
Environn1ent Canada (1990). 
Toxicity tests were considered valid if: control mortality did not e ceed 1 0°/o at the 
end of the test; the dissolved oxygen concentration of the test solutions did not fall 
below 3 mg/L; the reference toxicant test results for that batch of neonates were 
within two standard deviations of the long-tem1 average value obtained from the 
Cusum chart (Environment Canada 1990); the percentage trim used to calculate the 
EC50 va lue was less than 30o/o; and the test temperature of 20°C did not deviate by 
more than 3°C during the test. 
Three valid acute toxicity tests were conducted for each of the pesticides and an 
average EC50 value was detennined for each pesticide. Since the sa linity toxicity 
tests were conducted throughout the study, an average EC50 value wa · obtained from 
19 toxicity tests. Mean EC50 values were determined for each pesticide and sa linity to 
obtain an accurate estimate of the EC50 value of each tox icant that would be used in 
the subseq uent mixture toxicity tests. 
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Acute toxicity tests for mixtures were conducted using the same methods that were 
used for testing the toxicity of individual chemicals, except that the test solutions were 
different. 
6.3.6. Evaluation of mixture toxicity 
The toxicity of individual components in mixtures and the mixtures themselves were 
expressed as toxic units (TUs) using the method described by Brown (1968). 





where the subscript denotes the con1ponent ·i ' of a mixture, while Ci is the aqueous 
concentration of component ' i ' in a mixture and ECpi is the aqueous concentration of 
the component acting individually, which will cause a given toxic effect (e.g., LC50, 
EC20). In the present study the te1m ECpi was always the EC50 (irmnobilisation) 
value for D. carinata. Thus TU values of 0.5 and 1 for individual chetnicals mean that 
they are present in a mixture at 0.5 times their EC50 value and at their EC50 values, 
rpspectively. 
The Plackett and Hewlett ( 1952) mixture classification scheme has four types of toxic 
interactions (Table 6.4). These are simple similar (more usually refen·ed to as 
concentration addition, CA), independent (also more usually referred to as response 
addition, RA), complex similar and dependent joint action. Mathematical equations 
have been developed to express only CA and RA. 
Table 6.4: The four types of joint actions for mixtures developed by Plackett and 
Hewlett (1952). 
Similar .Joint Action Dissimilar Joint Action 
Non-interactive 
Simple similar Independent 
(concentration addition. CA) (response addition, RA) 
--
Interactive Comp lex similar Dependent 
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Theoretically the CA type of joint interaction should only occur when a mixture 
consists of chemicals with the same mechanism of action and the RA is the type of 
additive joint interaction that should apply when mixtures contain chemicals with 
different mechanisn1s of action. As the three pesticides and salinity all have different 
mechanisms of action, theoretically, they should be modelled using the RA approach. 
However, we used the CA approach, as a number of laboratory and field-based 
studies have shown that CA overestimated the effects and yielded slightly higher 
estimates of the toxicity of mixtures than RA when the chemicals had different 
mechanisn1s of action (Faust, Altenberger et al. 1994; Warne and Hawker 1995; Ross 
and Wame 1997; Backhaus, Altenburger et al. 2000; Backhaus, A1tenburger et al. 
2000; Deneer 2000; Dyer, White-Hull et al. 2000; Chevre, Loepfe et al. 2006; 
Junghans, Backhaus et al. 2006) . It is important to use the precautionary approach but 
not to be over protective in developing water quality guidelines, hence the CA is the 
preferred model over the RA model in the present study as the latter n1odel would 
underestin1ate the combined effects of mixtures (Junghans et al. 2006). 
The results of the mixture toxici ty experiments were plotted as illustra ted in Figure 
6.1. In this figure the concentration of the mixture that causes a certain percentage of 
immobi lisation is expressed as tox ic uni ts. The solid line is the addi tivi ty line, which 
li nks the points 0 TU, Oo/o immobilisation; 0.5 TU, 25% immobilisation; 1 TU, 50o/o 
immobilisat ion; and 2 TU, lOOo/o immobi lisation. As indicated in ECETOC (200 1), 
less than 30o/o devia tion from expected addi tivity is considered as conforming to 
additi vi ty and more than 30o/o dev iat ion co nfo rming either to antagoni sm or 
synergism. The interp rctn ti on of mi xture toxic ity in the present study wi ll be based on 
the above modeL The two dashed lines (Figure 6.1) indicate 30o/o deviation from 
additi vity and mixtures tha t lie to the ri ght o f the lower dashed line are classified as 
antagonistic, while those that lie to the left o f the upper dashed line are classified as 
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Figure 6.1 : An example of the plots used to indicate the type of toxic interaction 
that occurs within the mixtures. The concentrations of the mixture (expressed in 
toxic units, TUs) that cause certain °/o immobilisation are plotted. Solid line 
represents the expected additivity. Two dashed lines indicate the 30°/o deviation 
from additivity. Mixtures that lie to the right of the lower dashed line are classed 
as antagonistic, while those that lie to the left of the upper dashed line are classed 
as synergistic. 
6.3.7. Chemical analysis 
Chemical analysis of test solutions was conducted at the beginning and on completion 
of the test to determine the loss of pesticides during the test. The concentrations of the 
pes ticides were determined using the NSWEP A screen ing and extraction method for 
volatile and semi-volatile organic compounds. Extraction consisted of mixing a 50-
mL aliquot from each treatment with 50 mL of dicbloromethane in a 200-mL 
separa tory funnel and shaking for two minutes with periodic venting. Two sequential 
ex tractions were conducted for each sample, and the extracts cmnbined. Each 
com bined extract was dewalereJ by pass ing it through a 5g bed of high-p urity 
anhydrous Na2S04. The dewatered extracts were concentrated down to 1 mL by 
evaporation, using ni trogen gas under low temperature (30°C). Solvent exchange was 
conduc ted with 4 mL acetone prior to GC analys is. 
Chemica l ana lyses were conducted on a gas chromatograph (HP 5890 series Il Plus , 
wi th HP 3365 Series I I C hemstation software) wi th a nitrogen phosphorus detec to r. 
The cap illary co lumn used Co r the ana lysis had a length of 30 m, an intema l diameter 
or 0.25 mm, and vva s coated with 0.25 -~Lm thick 085 stationa ry phase. Inj ecto r po rt 
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and detector temperatures were 250 and 220°C, respectively. Nitrogen was used as the 
carrier gas. The temperature programme was set to have an initial colmnn temperature 
of 100°C for 1 min, which was raised to 275°C at the rate of 4°C per minute and held 
for 1 minute. A 1 ~LL sample injection volume was used throughout the analyses. 
Calibration standards were prepared for each chemical from the stock solutions and 
injected after every 10 injections of the samples. The respective standard curves for 
each chemical were prepared and sample concentrations were determined from these. 
6.3.8. Calculations and statistical analysis 
The concentration of each toxicant that immobilised 50o/o of the test organisms (EC50 
immobilisation value) and its 95o/o confidence limits were determined using the 
Trimmed Spearman-Karber method (Hamilton et al. 1977). 
6.4. Results 
The range of n1easured values of the physico-chemical parameters i.e pH (6.5 - 8.5), 
and electrical conductivity ( 190 - 200 ~S/cm) , temperature (20 --- 21 °C) and dissolved 
oxygen ( 4.0 - 7.5 mg/L) were within the acceptable limits. 
6.4.1. Reference toxicant tests 
The sa linity reference toxicity da ta are presented in Figure 6.2. The EC50 va lues were 
wi thi n two sta nd8rd dev i8tions of the long-te1111 me8n EC50 va lue. The vCtriCltions in 
sensitivi ty of the D. carina/a to salin ity over the duration of the toxicity tests were 
acceptable and thus the data generated fo r all tests were va lid. These results also 
indicate that the sea water (used for salinity trea tments) quality is uni fo n11 and its 
toxici ty did not vary between tes ts. 
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Figure 6.2: The cumulative summary chart for the salinity reference toxicity 
tests for D. carinata. (The actual salinity represented by hollow triangles, 
cumulative mean salinity represented by filled circles, twice the standard 
deviations represented by fi lled squares). 
6.4.2. Toxicity experiments 
6. 4. 2.1 Group 1 experiments 
The EC50 values from the three test - conducted for each pesticide, together with the 
mean and the mean EC50 values for nineteen reference toxica nt tests conducted with 
alinity are pre, ented in Table 6.5. 
Table 6.5: Concentrations of atrazine, chlorpyrifos, molinate and salinity that 
caused a 50°/o immobilisation of D. carinata (ECSO) and the corresponding 95°/o 
confidence limits from valid toxicity tests. The mean and standard errors of these 
for the pesticides are based on three tests, while for salinity the mean is that for 
19 toxicity tests. 
Toxicity test number To xi cant 
2 I 3 
Salinity (~LS/cm) Mean from 19 toxicity experiments 
Atrazine (mg/L) 42.5 (39.3 - 45.9) 
25.4 Molinate (mg/L) 
--------1-- 23.2 27 ~0) 
Chlorpyrifos 0.212 
(~tg/ L) (0.192- 0.23.-J.) 
41 .2 
(36 . 1 46.9) 
25 .7 
- - (22.7 29.0) 
0.219 
(O.l9 c) 0.2.-J.O 
I 
4~ .7 
(39.9 .-J.7 .R) 
24.3 
(21 .7 27)) 
0.207 
((J ll)() 0.22A) 
Mean EC50 
R79 1 ± 524 
42.4 ± 1.3 
25. 1 ± 0.7 
-- -
0.2 I 3 ± 0.0 I 
1 I I 
There was little variability among the EC50 values for the three toxicity tests for each 
pesticide. 
Based on the USEP A to xi cant classification scheme (USEPA 2006) , the results 
indicate that chlorpyrifos was very highly toxic while atrazine and molinate were 
slightly toxic to D. carinata . 
For comparison of toxicities of individual che1nicals, the EC50 values were expressed 
in moles/L (Table 6.6) (Wame and Schifko 1999). The order of the toxicity of 
pesticides was chlorpyrifos > molinate > atrazine . 
Table 6.6: ECSO values of atrazine, molinate and chlorpyrifos to D. carinata 
expresse d . l /L In mo es 
Toxicant ECSO (moles/L) 
Atrazjne 1.97 X 10-4 
Molinate 1.34 X 10·4 
Chlot-pyri fos 6.07 x 1 o-lo 
6.4.2.2 Group 2 experiments 
The results of types of toxic interactions and how these vary with increasing salinity 
for mixtures of individual pest icides and salinity are presented in Figure 6.4. The 
vatious EC50 values of these mixt11res are presented in Table 6. 7. 
For the 0.5 times the EC50 val ue of atraz ine and sa lin ity mixture, no toxicity was 
observed up to 0 .5 T U. As the TU va lues of the mixture increased, tox ici ty co nfo nned 
first ly to e1dd itivi ty and then became synerg ist ic (Figu re 6.4A). Tl1 e EC 50 va lue was 
0 .93 T U (Table 6 .7), indicating at tha t concentrat ion that the mi xture co nformed to 
additi vity. In the mixture of the EC SO va lue of atraz ine and sa linity (Figure 6 .4B), the 
tox icity confo m1ed to aclditi vity. The ECSO va lue fo r this mi xture could not be 
ca lcul ated, as 50°/o immobili sa ti on occ utTed before the first treatment (i. e., I TU). 
The tox ic ity o f the 0 .5 tim es the EC50 value of the molinate and salin ity mi xture 
conform ed to antago ni sm, except that at a TU o f" grea ter than 1.5 the tox icity 
confo rmed to adcliti vity (Figure 6 .4C). The EC50 va lue of thi s mi xture was 1.47 T U 
(Ta bl e 6.7), co nfo rming tt) antago ni sm. The to.-.,:i c ity or the EC 50 value of the 
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molinate and salinity (Treatment 2 is the molinate only treatment) mixture Treatment 
6 conformed to additivity (2.14 TU) while Treatments 2, 3, 4 and 5 conformed to 
antagonism. The EC50 value of this mixture was 1.90 TU (Table 6.7), conforming to 
antagonism. The toxicity of the EC50 values of the chlorpyrifos and salinity mixture 
(Figure 6.4E) conformed to antagonism (e.g. the EC50 value was 1.92 TU) but as the 
concentration of the mixture increased beyond 2 TU, the toxicity conformed to 
additivity. In contrast, the toxicity of the 1.5 times EC50 value of chlorpyrifos and 
salinity (Treatment 1 is the chlorpyrifos only treatment) Treatments 2 and 6 
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Figure 6.3: The toxicity of mixtures of individual pesticides with varying 
saliniti es to Daphnia carinata cultured in water with a salinity of 200 j.1S/cn1. 
A - 0.5 x EC50 of atrazine and salinity; B - EC50 of atrazine and salinity; C - 0.5 
x EC50 of molinate and salinity; D - EC50 of molinate and salinity; E - EC50 of 
chlorpyrifos and salinity; F - J .5 x EC50 of chlorpyrifos and salinity. Solid line 
represents the expected additivity. Two dashed lines indicate the 30°/o deviation 
from additivity. Mixtures that lie to the right of the lower dashed line are classed 
as antagonistic, while those that lie to the left of the upper dashed line are classed 
as synergistic. 
113 
Table 6. 7: The ECSO values of mixtures of individual pesticides and salinity, 
expressed as toxic units (TUs). 
Mixture combinations ECSO TU 
Atrazine (0.5 x EC50) and salinity 0.93 (0 .84- 1.04) 
Atrazine (EC50) and salinity ND 
Molinate (0.5 x EC50) and sali nity 1.47 (1.41 - 1.53) 
1.90 
Molinate (EC50) and salinity (1.83- 1.98) 
Chlorpyrifos (EC50) and salinity 1.92 ( 1.87- 1.98) 
Chlorpyrifos (1.5 x EC50) and ND 
salinity 
ND - Could not be determined 
6. 4. 2. 3. Group 3 experiments. 
The variation in toxicity of the equitoxic pesticide mixtures with salinity is presented 
in Figure 6.5 and their EC50 values are presented in Table 6.8. The toxicity of the 
atrazine and molinate mixture confom1ed to antagonism and then conformed to 
additivity in Treatment 4 and with synergism in Treatn1ent 5 where 95°/o 
immobilisation occurred (Figure 6.5A). The ECSO value for this mixture was 1.04 TU 
(i.e. it conforn1ed to additivity) (Table 6.8). The variation in toxicity for the atrazine 
and chlorpyrifos mixture was similar to that for atrazine and molinate, but the 
deviations from additivity to antagonis1n were more marked (Figure 6.5B). The ECSO 
value for this mixture was 1.19 TU which conformed to additivity (Table 6.8). The 
molinate and chlorpyrifos mixture conformed to additivi ty, apart from 0.5 and 1 TU 
(Treatments 2 and 3) where the toxicity conformed to antagonism (Figure 6.5C) and 
the EC50 va lue was 1. 15 TU conforming to additivity (Table 6.R). In the mixt11re of 
all three pesticides, there wa no toxic response up to 0.5 TU, but as the concentration 
increased the mixture firstly conformed to additivity and then synergism (Figure 
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Figure 6.4: The toxicity of equitoxic mixtures of pesticides to D. carin.ata cultured 
in water with a salinity of 200 J..LS/cm. A - Atrazine and molinate; B - Atrazine 
and chlorpyrifos; C - Molinate and chlorpyrifos, D - Atrazine, molinate and 
chlorpyrifos. Solid line represents the expected additivity. Two dashed lines 
indicate the 30°/o deviation from additivity. Mixtures that lie to the right of the 
lower dashed line are classed as antagonistic, while those that lie to the left of the 
upper dashed line are classed as synergistic. 
T able 6.8: The ECSO values of equ itoxic mixtures of three pesticides, expressed 
as toxic units (TU s) 
I Toxic Combinations ECSO TU 
Atrazine and m olinate 1.04 (0.91 - 1.19) 
A trazine and ch lorpyrifos 1.19 (1 .11 - 1.27) 
Molinate and chl orpyrifos 1. 15 (1.01 - 1.3 1) 
Atrazine, mo linate, chl orpyrifos 
0.92 
(0.83 - 1.03) 
6. 4. 2. 4. Group 4 experiments. 
Toxicity relationships of mi xtures of pesticides and sa linity are presented in Figure 
6.6, while the tox icity of the mi xtures (in terms of TU s) at the ECSO is presented in 
Ta ble 6.9. 
The toxicity relationship for the mi xture of atra;: inc and molinate with salinity 
confom1ecl to additi vity (Figure 6.6A). The ECSO \·uluc for thi s combinnti on was 1. 06 
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(Table 6.9). The relationship for the mixture of atrazine and chlorpyrifos with salinity 
also conformed to additivity (Figure 6.6B). The ECSO value obtained was 1.16 TU 
(Table 6.9). The toxicity relationship for the mixture of molinate, chlorpyrifos and 
salinity was antagonistic in Treatment 2 where the ECSO value was 1.41 and then with 
increasing mixture concentration moved towards additivity. The relationship of the 
complex pesticide mixture of atrazine, molinate, chlorpyrifos and salinity was 
additive and then became synergistic above 1.2 TU (Figure 6.6D). The expected 
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Figure 6.5: The toxicity of mixtures of pesticides with varying concentrations of 
salinities to D. carinata cultured in water with salinity of 200 ~S/cm (the toxic 
contribution from the combination of pesticides is equal to 1 TU). A -
Atrazine/molinate/salinity ; B Atrazinc/chlorpyrifos/salinity; C 
Molinate/chlorpyrifos/salinity ; D - A trazine/molinate/chlorpyrifos/salinity. Solid 
line represents the expected additivity. Two dashed lines indicate the 30°/o 
deviation from additivity. Mixtures that lie to the right of the lower dashed line 
are classed as antagonistic, while those that lie to the left of the upper dashed line 
are classed as synergistic. 
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Table 6.9: ECSO values of mixtures of pesticides with salinity expressed as toxic 
units (TUs) . 
Mixture Combinations ECSO TU 
Atrazine, molinate and salinity 1.06 (0.76 - 1.49) 
Atrazine, chlorpyrifos and salini ty 1.16 (0 .78 - 1.72) 
Mol inate, chlorpyrifos and salinity 1.41 ( 1 .2 1 - 1.64) 
Atrazine, molinate, chlorpyri fos and salinity ND 
ND - Coul d not be detennined 
6. 4. 2. 5 Occurrence of toxicity relationships 
The types and frequency of occurrence of toxicity relationships of the different 
mixture combinations are presented in Table 6.1 0. 
Table 6.10: Types of toxicity relationships observed in mixture con1binations and 
t h . f f e1r requency o occurrence. 
Toxicity relationship Frequency of occurrence 
Addi tive 3 
Changed from antagonism to additivity* 4 
Changed from additivity to antagonism and 2 back to additivity* 
--
CQ_a!JgeQ_[ron:!_ additiv ity to syncrgism* ___ 1 
---- -
- - 4 -·--·-·--l Changed from antagonism to additivity and 
then to synerg ism * 
Total ! 14 
* - Changes in toxicity relationship occuned wi th increase in concentrations of mixtures. 
Out of 14 tox icity mixtures three were additive, fo ur combinations changed from 
antago nism to additivity, two changed from addi tivity to antagonism and back to 
nclcl iti vity, whil e the reme1 ining fi ve re iCit ionships were synergisti c Cl t leas t Cl t high 
concentrations. 
There were 69 di fferent comb ina tions of mixtures in the total of 14 mixtures studied. 
Table 6. 1 I summari ses the nu mber and percent occurrence of the types of toxicity 
relatio nships in these combinations. 
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Table 6.11: Types of toxicity relationships in different mixture combinations of 
r ·t d r · d r d hi ·f sa 101 ry an pes ICI es atrazme, mo mate an c orpyn os. 
Toxicity r elationship Number of 0/o Occurrence 
occurrence 
Additive 34 49. 3 
Antagonistic 28 40.6 
Synergistic 7 10.1 
The n1ajority of the toxicity relationships were additive (approx. 50o/o) and 
antagonistic and synergistic combinations were approximately 41 o/o and 1 Oo/o, 
respectively. 
6.5. Discussion 
As the EC50 value of each test is within two standard deviations of the long-term 
mean EC50 value, it was considered that the relative sensitivities of the test organisms 
were stable over time with no change in the sensitivity to salt during the period of the 
study. This is important as it pennits the toxicity of tests conducted at different times 
to be directly compared with any differences being attributable to the various 
treatments. 
The mean acute EC50 (immobilisation) value for salinity in the present study was 
8,800 ~tS/cm. Working on the toxicity of sodium chloride and a con1mercial1y 
available salinity (Ocean Nature) to D. corinata, Kefford et al. (2004) recorded EC50 
values of 11 ,000 and 4,500 ~S/cm, respective ly. The e large differences in EC50 
values show that the ionic composition of the salt play an itnportant role in 
determining its toxicity. The differences in EC50 values obtained by the current study 
and those of Kefford et al. (2004) could be explained by the different ionic 
compositions. Another reason for the observed differences in toxicity cou ld be that 
there were differences in genetic characteristics in the D. carinata populations used. 
The sa linit ies in Aus tra lian inland waters exhibit a vast range (P inder et al. 2005). 
Tab le 6.12 shows the variat ions in sal inity in d ifferent water bodies in the Western 
A ustra lian wheat be lt. 
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T able 6.12: Salinities of water bodies in Western Australian wheat belt (Source: 
Pinder et al. 2005). 
No. of sites Salini ty (J..LS/cm) 
86 < 4,300 
46 4,300 - 14,000 
69 14,000 - 140,000 
In many Western Australian water bodies the salinity exceeds the mean acute toxicity 
of salinity to D. carinata estimated by the current study (Table 6.5). The chronic and 
multiple generation impacts on D. carinata appear even at lower salinities (i.e. , 5500 
)-tS/cm, (see Chapter 5) and thus such effects are likely to occur in the real world. It is 
important to have information on the acute toxicities of salinity to the organism under 
consideration in order to understand the concentrations that cause acute lethal effects. 
Aqueous salinities less than or equal to the internal salinities of organisms do not 
cause toxic effects (Arner and Koivisto 1993). This is mainly due to the ability of 
cladocerans to osmoregulate their body fluids in relation to the external medium 
(Aladin and Potts 1995). Aqueous concentrations above that threshold can affect life-
history traits and populations (see Chapter 5). Death can occur when the aqueous 
concentrations are sufficiently larger than the threshold as shown by the EC50 values 
for salinity in the present tudy. 
Based on EC50 values for D. carinata, chlorpyrifos was the most toxic pesticide, 
followed in order of decreasing toxicity by molinatc and finally atrazine. This is not 
surprising, since atrazine and molinate are herbicides and cladocerans do not have the 
target site with which these herbicides interact. Ch lorpyrifos inhibits acetyl 
cholineste rase in animals, including D. carinata , and thereby causes death at very low 
concentrations. The inhibition of acetylcholinesterase causes the buildup of 
acetylcholine at choline receptors, which leads to continual nerve stimulation (Giesy 
et al. 1999). More importantly the metabo lic products of chlorpyrifos are more toxic 
and the high toxic ity is caused by the formation of chlorpyrifo oxon by ox idative 
desulfuration (Eisler 2000; Giesy et al. 1999). Factors influencing the toxicity of 
chlorpyrifos include metabo lic rate, the number of target sites available for 
chlorpyrifos metabolism to chl orpyrifos oxon (Chambers and Carr 1995), organi sm 
surface area, and lifestage (Et-Merhibi et al. 2004). 
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The EC50 values for the three pesticides are consistent with values obtained in other 
studies. Munn and Gilliom (200 1) report EC50 values for atrazine to Daphnia magna 
to be between 6.9 and 115 mg/L, with a median value of 60 .9 mg/L. The reported 
EC50 values for molinate ranged from 4.7 to 24.0 mg/L, with a median value of 19.4 
mg/L, while the EC50 values for chlorpyrifos varied from 0.10 to 1. 70 ~g/L, with a 
median of 0.90 ~g/L. The EC50 (immobilisation) values recorded for D. carinata to 
molinate by Phyu et a l. (2004) ranged from 18. 3 to 33.6 m g/L are in good agreement 
with the values of the present study. The EC50 values for atrazine for D . carinata 
recorded by Phyu et a l. (2004) were 22 .4 to 26. 7 mg/L which was less than the values 
of the present study. 
Implications of .synergism in mixture toxicities at low concentrations 
Before discussing the results of the mixture toxicity tests, it is important to explain a 
feature of some of the results - the tendency at h igh TU values for the toxicity of 
mixtures to change from conforming to synergism to conforming to additivity. This is 
a resu lt of the nature of the experimental des ign of the toxicity tests rather than an 
actual change in the type of toxicity . This can best be explained by referring to a p lot 
of a mixture toxicity test - in this case the plot o r the o/o imn1obilisation of D. carinata 
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Figure 6.6: The variation in the toxicity of a mixture of atrazine, chlorpyrifos, 
molinate and salinity with increasing sa linity (extracted from Figure 6.5). The 
TU values are for th e entire mixture. Solid line represents the expected 
additivity. Two dashed lines indicate the 30'X, deviation from additivity. 
Mixtures that lie to the right of the lower dashed line are classed as antagonistic, 
while those that lie to the left of the upper dashed line are classed as synergistic. 
J 00'% immobilisation occurred in the treatment of 1.43 TU. 
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At 1 TU, which is the pesticide-only (mixture of all three) treatment, the toxicity of 
the 1nixture is consistent with additivity but with increasing salinity it rapidly changed 
to being consistent with synergism, with nearly 100o/o of D. carinata being 
immobilised. At Treatment 2 (above I TU), 100% of the organisms were 
immobilised. Further increases in the salinity could possibly immobilise more 
cladocerans but in practice this is not possible as the number of cladocerans per 
treatment is controlled. Thus in this example, further increases in salinity will 
continue to cause 1 OOo/o immobilisation and at 2 TU (where, based on additivity one 
would expect 1 OOo/o immobilisation) 1 00°/o immobilisation is also achieved. However, 
for the reasons stated earlier it is not possible to know whether toxicity has reverted to 
conforming to additivity or whether it is a function of the experimental design of the 
toxicity test. In this example, where there are a series of concentrations of the mixture 
with 100% in11nobilisation, the second explanation for the apparent conformity with 
additivity is the most likely explanation. This situation only applies if lower 
concentrations of the mixture are synergistic - it does not apply if the toxicity 
conforms to antagonism. Thus, reliable interpretation of the results of mixtures is only 
possible up to the point where 100% immobihsation is first achieved. 
In tem1s of the toxicity of mixtures of the individual pesticides and salinity, two main 
types of relationships were observed . Atrazine and salinity combinations conformed 
to additiv ity and changed from additivity to syne rgism (at 0.5 times EC50 va lue of 
atrazine and salinity), whereas for the molinate and alinity and the chlorpyrifos and 
sali nity combinations the toxicities confon11ed to an tagonism and additi vity. As 
sa linity increases the osmoregulatory mechanism changes in order to maintain the 
inten1a l body and haemolymph sa linities of the test organisms (Aladin and Potts 1995; 
Pinder et al. 2005). Associa ted with changes in the osmoregulatory mechani sms, there 
could a lso be changes in selec tive permeability of the membrane, to prevent entry of 
chemica ls into body ti ssue (Alaclin and Potts 1995) . This could be the reason for the 
reduction in toxic ity of molinate and chlorpyri fos with increasing salinity to a certain 
leve l (Figure 6.5). The tox ic ity of atrazine and sa linity conformed to additivity, and 
with synergi sm at hi gh co nce ntrati ons. This co uld be clue to the changes in the 
os moregulatory mec hani sm not affecting the pen11ea bility of atrazine or that 
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movement of atrazine to its target site m cladocerans IS independent of the 
permeability of the membrane to this herbicide. 
The toxicity of the equitoxic mixtures of molinate and chlorpyrifos conformed to 
additivity in Treatment 2 and with antagonism in Treatments 3 and 4, and finally 
became additive as the concentrations increased. The remaining three equitoxic 
mixtures conformed to antagonism at concentrations below 1 TU and then with 
additivity and finally sometimes with synergism at the higher concentrations. Even 
though n1any studies have concluded that additivity occurs with compounds with 
similar modes of action (AI ten burger et al. 1990), we observed that toxicity consistent 
with additivity can occur in mixtures of chemicals with different modes of action. The 
toxicity relationship of atrazine and chlorpyrifos in the present study was consistent 
with antagonism below 1 TU, with additivity (above 1 TU) and synergism at around 
1.5 TU. This concurs with the findings ofBeldin and Lydy (2000), Pape-Lidstrom and 
Lydy (1997), who worked on Chironomus tentans and observed synergistic effects for 
the same chemicals. A possible reason is the increase in the rate of biotransfonnation 
of chlorpyrifos to more toxic metabolites (e.g., chlorpyrifos-0-analog) in the presence 
of atrazine (Belden and Lydy 2000; Lonclofio et al. 2004; Pape-Lindstrom and Lydy 
1997) related this phenomenon to the induction of cytochrome P450 in the presence 
of atrazine and potentiation of the degradation of chlorpyrifos to more toxic 
metabolites. 
The toxicities of the complex pesticide mixtures atraz ine I molinatel salinity and 
atrazine I chlorpyrifos I sa linity were consistent with additivity. The molinate I 
chlorpyrifos I salinity mixture, which was consistent with additivity in Treatment 2, 
became additive at higher concentrations. The atrazinelchlorpyrifoslmolinatelsalinity 
mixture was consistent with additivity in Treatment 1 and with synergism in the next 
two treatments. At sub equent treatments the toxicity relationship cou ld not be 
detem1ined as 1 00°/o mortality was reached (refer to section 6.4.2.2). The antagonistic 
e ffect at lower concentrations in the molinatelchlorpy1ifoslsa linity mixture could be 
due to the changes in the cladoceran · s osmoregulatory mechanism with increasing 
salinity. However, at higher concentrations this mechanism appeared to have failed 
and relationship became additive. 
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Given the diversity of possible mechanisms of actions (MeOAs) amongst chemicals 
in mixtures likely to be experienced in the environment, it is unlikely that the 
requirements of the concentration addition (CA) model (that components of the 
mixture have the same MeOA) will be met. In the present study, the three pesticides 
tested have three different MeOAs and salinity has a non-specific mode of action. 
However, a number of laboratory and field-based studies has shown that the use of 
concentration addition is a realistic worst case scenario and, hence, it is appropriate to 
use this model in the first tier of the proposed framework of risk assessment. The CA 
model is conservative in two ways. First, Deneer (2000), Faust et al. (1994 ), Wame 
and Hawker (1995) and Ross and Wame (1997) have found that approximately 10 -
30o/o of 1nixtures (irrespective of the type of chemical) were antagonistic or 
synergistic, with each type of joint action being equally frequent. Thus by assuming 
CA, the toxicity of 85 to 95o/o of mixtures would be estimated accurately or 
overestin1ated and only 5 to 15% of mixtures would have their toxicities 
underestimated . Second, Faust et al. (1994); Backhaus et al. (2000a and b), Dyer et al. 
(2000), Junghans et al. (2006) and Chevre et al. (2006) found that CA overestimated 
the effects and yielded lightly higher estimates of the toxicity of mixtures than 
independent action (lA) where the chemicals had different MeOAs. J\s the CA model 
is likely to over-predict the toxicity of most mixtures its use in Tier I should be 
environmentally protective. 
In the present study, 14 combinations of mixtures were used (Table 6.1 0). Among 
these , two combinations changed from additivity to antagonism and back to 
additivity. The rest of the combinations were either additive (three comb inations) , 
changed from antagonism to additivity (four), changed from antagonism to additivity 
and to synergism (four) or changed from additivity to synergism (one). Of the 14 
combinations, five were synergistic and produced toxicities greater than the CA 
model predicted at least at higher concentrations (Table 6.1 0) . 
A total of 69 mixture combinations was tested. Of thi s 40.6°/o of combinati ons 
conformed to antagonism, 49.3% conformed to additivity and I 0.1 % conformed to 
synergism (Table 6.11 ). Deneer (2000), Faust et al. ( 1994), Warne and Hawker 
(1995) and Ross and Warnc ( 1997) found that approxima te ly 5 - 15%> of mi xtures 
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(irrespective of the type of chemical) were antagonistic. However, results of the 
present study indicate that the percentage occuiTence of antagonism did not concur 
with that of the above studies. The results showed that approximately 90°/o of the 
mixture combinations (additive and antagonistic) would be estimated accurately or 
overestimated by the CA model. Only 1 Oo/o would have their toxicity underestimated. 
Thus, mixtures exerting these types of toxicities should be given due consideration in 
formulating risk assessments. In order to determine the requirements for further 
assessment, baseline information on toxicity relationships is necessary and the present 
study provides such infonnation on all possible combinations of mixture toxicities of 
salinity, atrazine, molinate and chlorpyrifos. 
6.6. Conclusions 
The acute toxicities of pesticides to D. carinata m descending order were, 
chlorpy1ifos (EC50- 0.213 ~tg/L), moli nate (E 50 - 25. 1 mg/L) and atrazine (EC50-
42.4 mg/L). Salinity caused 50°/o immob ilisation of D. carina la at 8,800 ).lS/crrL The 
toxicities of m ixtures of pesticides and salinity produced results that were consistent 
with approximate ly, 40o/o being antagonistic, 50o/o additive, and 1 Oo/o synergistic. The 
toxicity relat ionships of some o f the mixtures varied with concentration. These 
variations may be re lated to changes in osmoregulat01y activ ity. The use of the 
concentra tion additi on model of mix ture toxicity wo ul d provide pro tective es timate 
fo r approx imately 90~10 or the mixtures tested. 
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Chapter 7 
Acute toxicity of salinity and the pesticides, atrazine, molinate and 
chlorpyrifos individually and as mixtures to Daphnia carinata 
acclimatised at elevated salinities 
7.1. Abstract 
Aquatic orgamsms inhabiting salinity-affected inland water bodies expenence the 
effects of salinity throughout their life cycle and over multiple generations . Salinity 
and pesticide pollution often occur in the same locations due to the fact that irrigation 
can enhance salinisation of the environment. It is therefore in1portant to determine if 
exposure to elevated salinity will modify the susceptibility of aquatic organisms 
exposed concurrently to salinity and pesticides. 
The freshwater cladoceran, Daphnia carinata, was acclimatised in water of two 
salinities (i.e., 200 and 6300 1..1S/cm) over 13 generations. The salinity-acclimatised 
neonates were then subjected to a series of acute tests designed to determine the 
median imn1obilisation salinity or concentration (EC50 (immob.)) of: salinity, 
atrazine, molinate and chlorpyrifos; mixtures of each pesticide and elevated salinity; 
mixtures of the pesticides, and mixtures of the pesticides and elevated salinity. 
The ECSO vzllucs of in li\·idual toxicants and each mixture for D. carina/a cultured at 
200 and 6300 ~tS/cm were compared. The only cases where there were significant (p 
:S 0.05) changes in toxicity were for salinity and for the mixture of atrazine (0.5 x 
EC50) and sa lin ity where in both cases the elevated salinity acc li mated cultures were 
less sensitive. Among the mixture combinations for the elevated salinity acclimated 
cultures, 52o/o confom1ed to additivity while approxima tely 37o/o confo rmed to 
antagonism and 11 o/o conformed to synergism . The acclimation to elevated salinity 
led to a slight decrease in mixtures that conformed to antagonism and a commensurate 
increase in m ixtures that conformed to add itivity. Overall, the results indica te that the 
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sensitivity of D. carinata cultured at normal (i.e., 200 1-1S/cm) and elevated salinity 
(6300 1-1S/cm) behaved in the same n1anner in response to individual toxicants of 
atrazine, molinate, chlorpyrifos and salinity, and their mixtures . 
7 .2. Introduction 
The salinisation of freshwater environments is occurring in many parts of the world 
(Jolly et al. 2001; Williams 1987). In Australia, the process has been occun-ing for a 
prolonged period and both the area of land affected and the severity of the effects are 
likely to increase (Jolly et al. 2001; National Land & Water Resources Audit 2001). 
Jolly et al. (200 1) have shown that the 1nean rate of increase in salinity in the Murray-
Darling basin (Australia's largest river catchment) at present is 4.37 ~tS/cm/year with 
a minimum of -6.9 to a maximum of 139.5 ~tS/cm/year (mean for 87 monitoring 
stations). 
The acute effects of salinisation on aquatic organisms have been fairly well studied 
and documented in Australia and internationally ( Halse et al. 1998; Hart et al. 1991; 
Hart et al. 2003; James et al. 2003; Kefford 1998; Kefford et al. 2002; Kefford et al. 
2004; Mohammed and Agard 2007) . These have predominantly focussed on 
laboratory-based data (Mohammed and Agard 2007), although recent work by 
Kefford et al. (2004) has correlated laboratory-based results with fie ld-based data on 
the occurrence of invertebrates in salinity affected environments to provide a more 
holistic view of the potent ia l effects or elevated salinity on freshwater aqu<lt ic 
orgamsms. 
A maj or limitation of the vast majority of the availab le tox icity data on sa lini ty i that 
it is based on acute exposure to sa linity . In aquat ic environments that are suffering 
long- term increases in sal inity, organ isms are likely to be exposed to elevated sa linity 
over their entire lives and indeed over many generat ions. The areas in Austra lia 
suffering from sa lini sation are also often contaminated with pesticides . It is therefore 
likely that aquatic orga ni sms experiencing e leva ted sa linity w ill concurrentl y be 
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exposed to individual pesticides and their mixtures. There is limited information on 
the toxic effects of elevated salinity and pesticides, let alone information on the 
potential interaction of exposure to elevated salinity levels and other toxicants. 
There are a number of potential scenarios of what could happen to organisms exposed 
for multiple generations to elevated salinity and pesticides. They could become more 
sensitive or develop tolerance to salinity or retain their original sensitivity. For 
example, cladocerans exposed to metals (Gulati et al. 1988; LeBlanc 1985) and 
organics (Baldwin et al. 1997) have been shown to develop tolerance to these 
toxicants. In contrast, exposure of several generations of Daphnia magna to the 
pesticides diazinon (Sanchez et al. 2000) and tetradifon (Villarroel et al. 2000b) 
resulted in a decrease in tolerance over successive generations. Each of these 
modifications in sensitivity could in turn lead to sensitivity to other toxicants 
increasing, decreasing or remaining the same. According to the "metabolic cost'' 
hypothesis (Calow and Sibly 1990) development of tolerance will increase energy 
consumption resulting ultimately in adverse effects on reproduction and growth. 
Therefore, cladocerans more tolerant of salinity may have less energy available to 
respond to other toxicants. Tolerance to other toxicant could decrease if they have 
the same n1echanism of action as salinity or the same detoxifying or excretion 
mechanis1n. Tolerance to other toxicant ' could remain unaffected if the shift in 
tolerance did not incur any metabolic cost or if the organism· s means of detoxifying 
or excreting them was not the same as that for salinity. 
Information on chronic or multigenerational exposure to metals (Guan and Wang 
2006; Yogt et al. 2007) and organic chemicals (Rose et al. 2002b ), pesticides 
(Fen1andez-Casaldeney et al. 1995; FeiTando et al. 1996; Sanchez et al. 2004; 
Villarroel et al. 2000a; VillmToel et al. 2000b; Zalizniak and Nugegoda 2006) 
provides useful insights on how animals respond to to ·icants in such situations. As 
sta ted above, organisms can be resistant or more sensitive due to disruption or their 
defence systems (Muyssen and Jc:mssen 2002) or there may not be visible ffect s in 
exposed animals , which may be due to the nature of th e toxic effects of the toxicant 
under consideration. Thus it is important to understand wha t kinds of c(lccts are 
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created by salinity on the sensitivity of animals to multiple mixtures of stressors found 
in the environment. 
The present study, therefore, aims to determine the acute toxicity of salinity, atrazine, 
molinate and chlorpyrifos; mixtures of each pesticide and elevated salinity; mixtures 
of the pesticides; and mixtures of the pesticides and elevated salinity to D. carinata 
acclimatised to elevated salinity and to ascertain if acclimation to elevated salinity 
affected their sensitivity to the other toxicants. 
7.3. Materials and Methods 
7.3.1. Test species 
T he freshwater cladoceran, Daphnia carinata IS representative of freshwater 
zooplankton and is commonly used fo r toxicity testing (Chandini 1989, Van Dam et 
al. 1995, ZaJizniak and Nugegoda 2004, Phyu et al. 2004). The desirable features of 
D. carilwta are as follows: it is easy to maintain and culture; has a relatively short life 
cycle (i.e., they breed after approximately I 0 days and live for approximately 60 - 80 
days); it represents the primary consumer trophic level of and as such is linked to the 
higher levels of food webs via zooplanktivorous fish. The D. carinato populations 
used in the present study were obtained from the Centre for Ecotoxicology, NSW 
Department of Environment ;:md Cl imate Change (NSW DECC), Lidcombe, NSW, 
Austra li a, and were origin8lly sourced from the NS\V Fisheries Research Stat ion at 
Narrandera, NSW, Austra lia (Moreno Julli , NSW DECC, pers. comm.). 
7.3.2. Toxicants 
T he herbicides atrazine (6-c hloro-N.:-ethyi-lv'-isopropy l-1, 3, 5-triaz ine - 2, 4 -
diamine; CAS no- 19 12-24-9) and mo linatc (s-cthyl N, N -hexa methylene thi o 
carbamate; C J\S no-22 12-6 7- 1 ), and the org<:1nophosphorus insec tic ide chlo rpyri fos 
(0 ,0-Dieth yl-0-(3,5 ,6- tri chl oro-2 -pyriclinyl) phosphoro thioate, CAS N o. 292 1-88-2), 
were se lec ted , as they arc '"'idc ly used in Austrnl i<tn agricu lture (Bowmer et a l. 1998 ) .. 
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The pesticides were all reagent-grade technical chemicals (~ 97o/o purity). Sea water, 
which is of the same ionic composition as Australian inland salt (Bayly and Williams 
1972), provided the different salinities needed for the study. 
Stock and working solutions of pesticides were prepared in analytical grade (99o/o 
purity) acetone as the carrier solvent. The stock solutions were stored in a freezer at 
-4°C and all working stock solutions were made immediately prior to use. 
7.3.3. D. carinata cultures 
The culturing of D. carinata was carried out according to the methods specified in the 
Methods Manual (2005) of the Ecotoxicology Section of the NS\V DECC. Details of 
the culture techniques are described in Chapter 5. 
Salinity acclimatisation of cladocerans was achieved by culturing them at 6300 
J.-LS/cm, using the same culture techniques desctibed in Chapter 5. The salinity level 
6300 J.-LS /cm was based on the results of the acute toxicity tests. Since there should be 
viable survivors in order to maintain the cultures it was decided not to exceed 40o/o 
immobilisation at upper concentration. Based on the results of salinity reference 
toxicity tests (on average), 35% immobili ·ation occurred at the salinity of 6300 11S/cm 
and this was therefore selected as the elevated sa linity level. The high salinity cultures 
(6300 J.-LS /cm) were maintained over a year before using them for the toxicity tests. 
The sa linity acc limatised cladocerans were subjected to individual acute toxicity 
testing \\·ith sn linity nnd three pesticides before proceedi ng with the mixture toxicity 
studies . 
7.3.4. Experimental design 
The toxicity experi ments \Ve re conducted in four groups. An overall description of the 
ex perimental design or these four groups is provided below. 
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7. 3. 4. 1 Group 1 experiments 
This set of experiments determined the acute toxicities for salinity, atrazine, molinate 
and chlorpyrifos, each tested separately to the cladoceran. Each experiment consisted 
of a control and five treatments of increasing concentrations of a pesticide or salinity. 
Based on the results of these tests, the concentrations of individual chemicals and 
salinity to be used in the mixture tests were detem1ined. 
7. 3. 4. 2. Group 2 experiments 
This set of experiments determined the toxicity of mixtures of salinity with individual 
pesticides (i.e., salinity/atrazine, salinity/ch]orpyrifos, and salinity/ molinate). The 
treatments in these experiments used a fixed concentration of the pesticide with 
increasing salinity (Table 7.1). The experiments were designed to test the following 
pesticide concentrations: 
• 0. 5 TU for atrazine 
• 1 TU for atrazine 
• 0.5 TU for molinate 
• 1 TU for molinate 
• 1 TU for chlorpyrifos 
• 1.5 TU for chlorpyrifos . 
The concentrations (expressed as toxic units (TUs)) that were detem1ined for the 
experiments are presented in Table 7.1. 
Table 7.1: Concentration of each treatment of each pesticide and salinity mixture 
expressed in toxic units crus) and the contributions to the treatment of salinity. 
The pesticide in each mixture had a fixed concentration (1 TU) while that of 
r ·t · d sa 1111 ry m crease 
Treatment Toxic Concentration of mixtures (TUs) 
contribution pesticide present pesticide present pesticide present 
from salinity at 0.5 TU at 1 TU at 1.5 TU 
Control 0 0 0 0 
1 0 0.5 J J .5 
2 0.46 0.96 1.46 1.96 
3 0.68 J . J 8 1.68 2.18 
4 0.79 1.29 J .79 2.29 
5 0.91 1.41 l. 91 2.41 
f) 1.14 1.6-+ 2.14 2.64 
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7.3.4.3. Group 3 experiments 
This set of experi1nents consisted of mixtures of all possible combinations of the 
pesticides (i.e. , atrazinelmolinate, atrazinelchlorpyrifos , chlorpyrifoslmolinate and 
atrazinelmolinatelchlorpyrifos). Each experiment consisted of a control and six 
pesticide mixture treatments of increasing TUs (Table 7.2). The tnixtures were 
equitoxic, i.e. , each pesticide is present in the mixture at the same percentage of their 
EC50 values measured individually. Thus, m Treatment of the 
atrazinelchlorpyrifoslmolinate test where the total TU is 0 .24, each pesticide would be 
present at a concentration that corresponds to 0.08 TU of their individual EC50 
values. 
Table 7.2: Concentration of each treatment of the equitoxic pesticide mixtures 
expressed as toxic units (TUs). 
Treatment Concentration of mixtures (Toxic Units, TUs) 
atrazine/ atrazine/ chlorpyrifos/ atrazine/ 
molinate chlorpyrifos molinate chlorpyrifos/ 
molinate 
r-·-----· ---·-------1-·--------
Control 0.00 0.00 0.00 0.00 
1 0.24 0.25 0.24 0.24 
2 0.48 0.49 0.49 0.49 
3 0.95 0.98 0.98 0.97 
r--·----
4 1.1 9 1.23 1.22 1.2 1 
5 1.43 1.47 1.47 1.46 
6 1.91 1.96 1.96 1.94 
7. 3. 4. 4. Group 4 experiments 
This set of experiments co nsisted of combinations of two or more pe ticides with 
sa lin ity (i .e. , atra zine I molinate I salinity, a trazine I chlorpyrifos I salinity, molinate I 
chlorpyrifos I salini ty, atraz ine I molinate I c hlmvyrifos I sa linity) . Each experiment 
consisted of a control and s ix increasing co ncentrations of the mixture. All trea tments 
of each mixture contained a fixed concentration of pesticide (i.e. a to tal of 1 TU) but 
increasing a mounts of sa linity (Table 7.3). The pesticide co mponen t of eac h mi xture 
was presen t as an equitoxic mi xture - thu s in binary mi xtures eac h pesticide was 
present at 0.5 TU and in terti ary mixtures eac h pes tic ide was present at 0.33 TU . . 
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Table 7.3: Concentration of each treatment of each pesticides and salinity 
mixture as toxic units (TUs) and their contributions to the treatment of the 
salinity . The pesticide mixtures had fi xed concentrations (1 TU) while that of 
r ·t · d sa 1n1 :y m crease . 
Treatment Toxic Concentration of mixtures (TUs) 
contribution atrazine/ atrazine/ chlorpyrifos atrazine/ 
from salinity molinate/ c hI o rp y ri f os/ I molinate/ molinate/ 
salinity salinity salinity chlorpyrifos/ 
salinity 
Control 0.00 0.00 0.00 0.00 0.00 
1 0.00 0.95 0.98 0.98 0.97 
2 0.46 1 .18 1.21 1.21 1.20 
3 0.68 1.41 1.44 1.44 1.43 
4 0.79 1.64 1.67 1.67 1.66 
5 0.9 1 1.87 1.90 1.89 1.89 
6 1.14 2.10 2.12 2.12 2.11 
7.3.5. Test method 
The test method used was based on USEP A protocols (USEP A 2002). The method 
used differed from the USEP A methods in that an Australian cladoceran species D. 
carinata was used, animals were maintained in mass cultures, and only algae were 
provided as food . The high- alinity clado eran c11lture~ used for the tests were 
maintained at 6300 ~-tS/cm and the required sa linity of the culture media was achieved 
by mixing filtered aerated sea water with clacloceran wat~r. Details of test methods are 
presented in Chapter 6. 
Acute toxicity tests for mixLUres were conducted using the same methods that were 
used for testing the toxicity of individual chemicals, except that the test solutions were 
different. 
7.3 .6. Evaluation of mixture toxicity- Toxic Units (TUs) 
The toxicity of individual components in mi x tures and the mixtures themse lves were 
expressed as toxic units (TUs) usi ng the method described by Brown (1968). 
Typ ica lly the TU is ca lcula ted us ing, 
( 1) 
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where the subscript denotes the component 'i' of a mixture, while Ci is the aqueous 
concentration of component '1' in the mixture and ECpi is the aqueous concentration 
of the component acting individually, which will cause a given toxic effect (e.g., 
LC50, EC20). In the present study the term ECpi was always the EC50 
(immobilisation) for D. carinata. Thus the TU values of 0.5 and 1 for individual 
chemicals mean that they are present in a n1ixture at 0.5 times their EC50 and at their 
EC50 values, respectively. 
The results of the mixture toxicity experiments were plotted as illustrated in Figure 
7 .1. The concentration of the mixture that causes a certain o/o of immobilisation is 
expressed as toxic units. The solid line is the additivity line, which links the points 0 
TU, 0°/o immobilisation; 0.5 TU, 25o/o immobilisation; 1 TU, 50o/o immobilisation; 
and 2 TU, 100o/o immobilisation. As indicated in ECETOC (2001), less than 30% 
deviation from expected additivity is considered as confonning to additivity and n1ore 
than 30o/o deviation conforming either to antagonism or synergism. The 
interpretations of mixture toxicity in the present study will be based on the above 
model. The two dashed lines (Figure 7.1) indicate the 30o/o deviation from additivity 
and mixtures that lie to the right of the lower dashed line are classified a~ antagonistic, 
while those that lie to the left of the upper dashed line are classified as synergistic. 
Mixtures that confom1 to concentration addition (CA) will lie in between the two 
dashed lines. 
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Figure 7.1: An example of the plots used to indicate the type of toxic interaction 
that occurs within the mixtures. The concentrations of the mixture (expressed in 
toxic units, TUs) that cause certain °/o immobilisation are plotted. Solid line 
represents the expected additivity. Two dashed lines indicate the 30°/o deviation 
from additivity. Mixtures that lie to the right of the lower dashed line are classed 
as antagonistic, while those that lie to the left of the upper dashed line are classed 
as synergistic. 
7.3.7. Chemical analysis of test solutions 
The concentrations of the pesticides were determ ined using the NSWEP A screenmg 
and extraction method for volatile and semi-vo latile organic compounds. Che1nical 
analysis of test solutions was conducted at the beginning and on completion of the 
test, to determ ine the loss of pesticides during the test. Detai ls on the methods used 
for chemical analysis are desc ribed in Chapter 6. 
7.3.8. Calculations and statistical analysis 
The concentration of each pes tic ide and the sal ini ty that immobili sed 50°/o of the test 
organisms (EC50 immobili sation) and its 95o/o confidence limits were de tennined 
using the Trimmed Spearman-Karber method (Ha milton et a l. 1977). The EC50 
va lues of mi xtu res vvere a lso ca lcula ted us ing the sa me method except that the 
concentrati on of the mi xtures was expressed as toxic units (Brown 1968). The 
stati sti ca l comparison of EC50 va lues o r the co n esponding hi gh- ~ a linity-acc lim a ti secl 
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and normal cladocerans were conducted using the standard error of the difference test 
(Sprague and Fogels 1977) . 
7 .4. Results 
The measured values pH (6 .5 - 8.5), and electrical conductivity ( 1190 - 200 0-S/cm), 
dissolved oxygen (4.0 - 7 .5 mg/L) of all treatments of all the toxicity tests were 
within the acceptable limits. 
7.4.1. Reference toxicant tests 
The results of the reference toxicant tests (Cusum chart) for D. carinata cultured at 
6300 0-S/cm are presented in Figure 7.2 (see Chapter 6 fo r the Cusun1 chart for D. 
carinata cultured at 200 0-S/cm). The mean EC50 values throughout the study were 
within two standard deviations of the long-term mea n EC50 values (Figure 7 .2) and 
therefore the results of concurrent toxicity tests (i .e., individual and mixture tox ic ity 
tests) were va lid and con1parable across tests. These results aiso indicate that the sea 
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Figure 7.2: The cumulative summary chart for the salinity reference toxicity 
tests for D. carinata cultured in 6300 J..LS/cm medium. (The actual salinity is 
represented by hollow triangles, cumulative mean salinity is represented by filled 
circles, and twice the standard deviations are represented by filled squares). 
7.4.2. Toxicity experiments 
7. 4. 2.1 Group l exp eriments 
The acute toxici ty of sal inity (EC50 value) to D. carinata cultured in water with 
sa li ni ti es of 200 and 6300 ~LS/cm are presen ted in Table 7.4 (from the reference 
tox icity tes ts). T he EC50 va lues of sa linity-acclima ti sed D. ca6nota in fo ur 
experiments were signi fica ntl y (p ~ 0.05) higher than that of D. carinata cultured in 
norm a l cladoceran wa ter. [n one experiment , c ladocerans cul tured in normal 
c ladoceran wate r (200 ,uS/cm) had a signifi ca ntly (p ~ 0.05) h igher EC50 va lue than 
the corresponding EC50 a lue of c ladocera ns cul tured at 6300 ~LS/cm . N o signi ficant 
di ffe rences (p > 0 .05) we re obse rved in the five rema ining ex perim ents. 
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Table 7.4: Salinities that caused 50°/o immobilisation (i.e., ECSO values) of D. 
carinata cultured in normal cladoceran water (200 j.lS/cm) and elevated salinity 
(i.e. 630 0 1-1S/cm). 
Salinity EC50 (immobili sation) values for D. carinata 
Acclimatised at 200 fl.S/cm Acclimatised at 6300 f.!S/cm 
8117* 9283* 
(7524 - 8757) (8765- 983 1) 
8944 9779 
(8533 - 9375) (8942 - 1 0695) 
9604 9901 
(9029 - 102 17) (9322 - 1051 6) 
8791 8404 
(7389 - I 0460) (7272 - 9712) 
9289# 8324# 
(8867 - 9731) (7803 - 8880) 
8349* 9487* 
(8067 - 8642) (9131 - 9855) 
8738 9192 
(8218 - 9290) (8597 - 9828) 
8881* 10213* 
(8148 - 9680) (9627 - 1 0834) 
8921* 9872* 
(8641 - 9208) (9376 - 1 0394) 
8499 8R13 
(8119 - 8896) (8149 -- 9530) 
* - The 6300 f.!S/cm. salinity acdimatised D. carillatu have EC50 values significantly 
larger than those acclimatised at 200 fl.S/cm (p :S 0.05). # - The 200 f.!S/cm salinity 
acclimatised D. carinata have an EC50 value significantly larger than those acclimatised 
at 6300 ~1S/cm (p :S 0.05). 
The individual toxicities of salinity, atrazine, molinate and chlorpyrifos are presented 
in Table 7.5. 
Table 7.5: The salinity and concentration of atrazine, chlorpyrifos and molinate 
tha t ca used 50°/o im mobil isation of D. carinata cultured in water wit h salini t ies of 
200 d 6300 SI , an ~ cm. 
Toxicants EC50 (immobili sation) values for D. carinata 
Toxicant Acclima tised at 200 f.!S/cm Acclimatised at 6300 f.!S/cm 
Salinity (mean salinity '8.791 ± 524 9309 ± 6'8.5* 
from ref. tox icity tests) 
1\tr::tzine 42.5 41.5 
(39.3 - 45 .9) (37.1 - 46.4) 
Molinate 25.4 27.5 
(2 3.2 - 27.0) (24 .0 - 3 1.5) 
Ch lorpyri fos 0.2 12 0. 184 
(0.192 - 0.234) (0 .1 66 - 0.204) 
* Signific antly d ifferent at p::::; 0.05 
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Based on the USEPA toxicant classification scheme (USEP A 2006), chlorpyrifos was 
very highly toxic while atrazine and molinate were slightly toxic to D. carinata. 
For the comparison of toxicities of individual chemicals in both the non11al and high 
salinity cultures, the EC50 values were expressed in moles/L (Table 7.6) (Wame and 
Schifko 1999). The order of toxicity for high salinity acclimatised cultures was 
chlorpyrifos > molinate > atrazine and the same pattern occurred in the cladocerans 
cultured at normal salinity (200 !-!S/cm) . 
Table 7.6: ECSO values of atrazine, molinate and chlorpyrifos to D. carinata 
ex d · I /L presse m mo es 
Toxicant ECSO (cultured at ECSO (cultured at 
200 ~S/cm) 6300 ~S/cm) 
Atrazine (moles/L) 1.97 x 1 o -4 1.92 X 10-4 
Molinate (moles/L) 1.34 x 1 o -4 1.47 x 10-4 
Chlorpyrifos (rnoles/L) 6.07 X 1 o- IU 5.25 X 1 o - IU 
The EC50 values of sa linity to D. carinata cultured in 200 and 6300 ~tS/crn were 
significan tly (p S 0.05) differen t with the cladoceran deve loping tolerance to salinity 
(i .e. , had a higher EC50 va lue) . There were no significant (p > 0 .05) variations in the 
sensitivity of cladocerans cultured at 200 and 6300 ~tS/cm in the experiments for 
individual pesticides . 
7. 4. 2. 2. Group 2 e.1.periments. 
The tox icity of mi xtures of eac h pesticide and salinity are presented in Figure 7.4. The 
tox icity of 0.5 x EC50 value of atrazine/salini ty conformed to antago nism below l TU 
then with additi vity and synergism at concentra tions greater than 1 TU (Figure 7.4A) . 
The toxic ity o f the EC50 va lue of the atraz ine/sa linity combination confo nned to 
additi vity (Figure 7.48). 
Both combinations with 0.5 times the EC50 va lue of molinate (F igure 7.4C) as well 
as the EC50 va lue of molinate with sa linity (Figure 7.40 ) conformed predominantly 
to antagoni sm but in so me treatm ents to additi vity. For chlo rpyrifos and salinity 
(F igure 7.4 E) , 50°/o imm obili sa ti on OCC UITecl in the chlorpyrifos onl y trea tm ent and 
138 
the mixtures conformed to antagonism in Treatments 2 - 5 and became additive in 
Treatment 6. In the 1.5 times the EC50 value of chlorpyrifos with salinity (Figure 
7.4F) 100°/o immobilisation occuned at the chlorpyrifos only treatment. The toxicity 
relationship conformed to antagonism in Treatment 3 and to additivity in Treatments 
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Figure 7.3: The toxicity of mixtures of individual pesticides with vat·ying 
salinities to Daphnia carinata cultured in water with a salinity of 6300 ~S/c m. A-
0.5 x EC50 of atrazine and salinity; B - EC50 of atrazine and salinity; C - 0.5 x 
EC50 of molinate and salinity; D - EC50 of molinate and salinity; E - EC50 of 
chlorpyrifos and salinity; F - 1.5 x ECSO of chlorpyrifos and salinity. The solid 
line indicates conformity with additivity while values to the left and right of the 
additivity line conform to synergism and antagonism respectively. 
The tox1city at the EC50 of each of the above mixtures cletennined using D. corinafa 
cu ltured in 200 and 6300 ~tS/cm vvater are presented in Tab le 7.7. The toxicity of th e 
0.5 times the EC50 va lue of atrazine and salin ity mixture to D. corinalrt c ultured in 
6300 ~tS/cm water was significantly (p _:=:: 0.05) lower (i.e., the EC50 \·a lues \A ere 
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larger) than the cladocerans cultured in 200 1.1.S/cm water. None of the EC50 values of 
the o ther mixtures of pesticides and salinity were signi ficantly different (p > 0.05) for 
cladocerans cultured in 200 and 6300 1.1.S/cm water. 
Table 7.7: The sum of the toxic units (TU) of mixtures of individual pesticides 
an d I' 't th t d 50°/c . bT f f D h . sa Iniry a cause o Immo 1 ISa lOll 0 ap. nw carznata. 
Mixtures Mixture ECSO (immobilisation) values for D. carinata 
(TUs) 
Cultured at 200 f.lS/cm Cultured at 6300 !J.S/cm 
Atrazine 0.5 x EC50 and 0.93* 1.1 0* 
salinity (0.84 - 1.04) (1.05 - 1.1 6) 
Atrazine EC50 and salinity ND ND 
Molinate 0.5 x EC50 and 1.47 1.44 
salinity (1.41 - 1.53) ( 1.32 - 1.56) 
Molinate EC50 and sal inity 1.9 1.75 
(1.83 - 1.98) (1.61 - 1.90) 
Chlorpytifos EC50 and 1.92 1.96 
salinity (1.87 - 1.98) (1.88- 2.05) 
Chlorpyrifos 1.5 x EC50 and ND ND 
salinity 
* - Mixture ECSO values for D. carinata are significantly diffe ren t a t p :::= 0.05. ND -
Could not be determined 
7.4.2.3. Group 3 experiments 
The toxicities of equitoxic mixtures of each pesticide are presented in Figure 7.5. The 
toxicity of the equitoxic mixture of atrazine/molinate (Figure 7.5A) confon11ed to 
antagonism 1n Treatments 1 and 2 and to additivity in Treatments 3 and 4. In 
Treatment 5, the re lationship conformed to synerg1sm. T he toxicity of 
atrazin /chlorpyrifos (Figure 7.58) conformed to antagonism at TU values below 1.5 
TU (Trealments 1 - 4) nnd then to mlditivity at higher TU 'nluc , (Treatment: 5 and 
6). The toxic ity of mo lina te/chlorpyrifos (Figure 7.5C) conformed to addi tivity. The 
toxicity of the three pest ic ide mixture (Figure 7.50) conformed to an tagonism 
(Treatment 1) and add itivity (Treatments 2 and 3) and then to synergism in 
T reatments 4 and 5. 
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Figure 7.4: The toxicity of equitoxic mixtures of pesticides to D. carinata cultured 
in water with salinity of 6300J.1S/cm. A - Atrazine and molinate; B - Atrazine and 
chlorpyrifos; C - Molinate and chlorpyrifos, D - Atrazine, molinate and 
chlorpyrifos. Solid line represents the expected additivity. Two dashed lines 
indicate the 30o/o deviation from additivity. Mixtures that lie to the right of the 
lower dashed line are classed as antagonistic, while those that lie to the left of the 
upper dashed line are classed as synergistic. 
There were no significant (p > 0 .05) differences in the EC50 values of D. carinata 
cultured at 200 and 6300 ~LS/crn for each of the four pe ticide mixtures (Table 7 .8). 
Table 7.8: The sum of the toxic units (TU) of mixtures of individual pesticides 
th t d 50°/. . b T f f D I . a cause 0101010 I ISa 1011 0 ap. uua carmata. 
Mixtures Cultured at 200 JJ.S/cm Cultured at 6300 J.lS/cm 
atrazine and molinate l. 04 0.94 
I (0.91 - 1.1 9) (O.RO - 1.1 0) 
atrazine and chlorpyrifos 1.19 1.26 
( 1 .1 1 - 1 .27) (1.15 - 1. 39) 
molinate and chlorpyrifos 1.1 5 1.26 
( 1.01 - 1.31) (0 .98 - 1.61 ) 
atrazine , molinate, ch lorpJ rifo 0.92 0.77 
(0.83 - 1.03) (0 .65 - 0.90) 
7. 4. 2. 4. Group 4 e:rperiments. 
The toxic ity of mi xtures of pes ticides and sa linity a rc presented in Figure 7.6. The 
tox icity of the atrazine/mo linatc/salinity mi xture con rormed to additivity (Treatments 
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1 and 2) and antagonism (Treatments 3 and 4) and back to additivity (Treatments 5 
and 6) (Figure 7.6A) . The toxicity of the atrazine/chlorpyrifos/salinity mixture (Figure 
7.6B) and the molinate/chlorpyrifos/salinity mixture (Figure. 7.6C) almost entirely 
conformed to additivity. The toxicity of the atrazine/molinate/chlorpyrifos/salinity 
mixture (Figure 7.6D) conformed to synergism in Treatlnent 1 and to additivity in 
Treatment 2 and to synergism in Treatment 3. None of the complex pesticide and 
salinity mixtures that could be compared had significantly (p > 0 .05) different EC50 
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Figure 7.5: The toxicity of mixtures of pesticides with varying concentrations of 
salinities to D. carinata cultured in water with salinity of 6300J1Sicn1 (the toxic 
contribution from the combination of pesticides equal to l TU). A -
Atrazine/molinate/sa linity~ B Atrazine/chlorpyrifos/salinity; C 
Molinate/chlorpyrifos/salinity ; D - Atrazine/molinate/chlorpyrifos/salinity. Solid 
line represents the expected additivity. Two dashed lines indicate the 30°/o 
deviation from additivity. Mixtures that lie to the right of the lower dashed line 
are classed as antagonistic, while those that lie to the left of the upper dashed line 
are classed as synergistic. 
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Table 7.9: The sum of toxic units (TU) of mixtures of pesticides and salinity that 
caused 50°/o immobilisation of D. carinata. 
Toxic Combinations ECSO TU cultured at 200 ECSO TU cultured at 6300 
!J.S/cm !J.S/cm 
atrazine, molinate and 1.06 1.51 
salinity (0. 76 - 1.49) (1.19 - 1.93) 
atrazine, chlorpyrifos and 1.16 1.24 
salinity (0. 78- 1.72) ( 1.07 - 1.43) 
molinate, chlorpyrifos and 1.41 1.25 
salinity (1 . 21 - 1. 64) ( 1.04 - 1.50) 
atrazine, molinate, ND ND 
chlorpyrifos and salinity 
ND - Could not be determined 
The types of toxicity relationships and the frequency of occurrence of each toxicity 
relationship of the different mixture combinations are presented in Table 7.10. 
Table 7.10: The types of toxicity relationships observed in the mixture 
corn b" f d f fth . tna wn an requency o e1r occurrence. 
Toxic relationship Frequency of occurrence 
Additive 2 
Changed from antagonism to additivity* 3 
--
Changed from additivity to antagonism and 2 
back to additivity 
Changed from antagonism to additivity then 3 
to antagonism and back to additivity* 
Changed from antagonism t.o additivity and 3 
then to synergism * 
Changed from synergism to additivity and 1 
back to synergism * 
Total 14 
* - Changes in toxicity relationships occurred with increasing concentrations of 
mixtures. 
Of the fourteen toxicity mixtures two were additive, three combinations changed from 
antagonisn1 to additivity, two changeu from addilivity to antagonism and then back to 
additivity, three changed from antagonism to additivity and again to antagonism then 
back to additi vity, three changed from antagonism to additivity and then to 
synergism, and one changed from synergism to additivity and back to synergism. 
In the high sah nity D. carinatu cu ltures there were 65 different combinations (64 in 
normal salinity cultures) of mixtures in the total of 14 mixtures studied. Table 7.1 1 
summa rises the number of the types and percent occuJTencc of toxic ity relationships 
in these combinations. 
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Table 7.11: Types of toxicity relationships in different mixture combinations of 
salinity and pesticides atrazine, molinate and chlorpyrifos for D. carinata 
cu It d t I r ·t d h · h r ·t ure a norma sa InHy an Ig sa InHy. 
Toxicity relationship D. carinata cultured at D. carinata cultured at 
normal salinity (200 high salinity (6300 
!J.S/cm) !J.Sicm) 
Number of o/o Number of o;o 
occurrence occurrence occurrence occurrence 
Antagonistic 27 42.2 24 36.9 
Additive 30 46.9 34 52.3 
Synergistic 7 10.9 7 10.8 
Approximately 3 7% of these mixtures conformed to antagonism, 52%> to additivity 
and 11 o/o confonned to synergism. The antagonistic relationships were reduced by 
about 5o/o in high salinity cultures compared with nonnal salinity cultures and 
additivity increased by the same percentage in high salinity cultures. 
7 .5. Discussion 
The sensitivity of the cladocerans throughout the experiments remained stable, as 
shown in the cumulative summary chart of the reference toxicant tests (Figure 7.2). 
As the ECSO values of each test were within two standard deviations of the long-term 
mean ECSO va lue, it is considered that the relative sensitivities of the test organisms 
were stable over time and that there was no change in the sensitivity of D. carinata 
over the study period . This pem1its comparison of toxicity test results conducted at 
different times. 
From the reference toxicant tests (i .e., salinity) conduct..-d as part of the present study 
which provided acute ECSO values of sali nity and from the work presented in Chapter 
6, it appears that there is a threshold sa linity required to induce adaptation to salinity. 
A salinity of 6300 pS/cm was deemed to be c lose to the salinity threshold with 40o/o 
of cases having higher ECSO va lues and hence signs of adap tati on. 
The sensitivity of the cladocerans cultured at 6300 ~LS/cm to the three pesticide ~ tested 
indi vidually was not s ignifi ca ntl y (p > 0.05) di!Ccrcnt compared to c ladocerans 
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cultured at 200 1-1.Sicm. Except for the 0.5 times the EC50 value of atrazine and 
salinity mixture, all the other mixtures tested did not show significant (p > 0.05) 
differences in their EC50 values between cladocerans cultured in 200 and 6300 ~t S/cm 
water. Thus, cladocerans cultured at 6300 ~tS/cm were able to maintain their 
physiological functions , including osmoregulation, without losing their ability to deal 
with other toxicants. 
Rose et al. (2004) found that the development of tolerance by Ceriodaphnia cf. dubia 
to 3, 4-dichloroaniline was inversely related to the concentration of this chen1ical and 
the number of generations the cladoceran had been exposed and that tolerance could 
be induced within one generation. They argued that the different concentrations of 3, 
4-dichloroaniline exerted different selective pressures, with cladocerans exposed to 
greater selective pressure (i.e., at higher concentrations) showing increased tolerance 
after fewer generations than those exposed to lower selective pressure. The 6300 
1-1.Sicm salinity treat111ent that D. carinata were cultured in was 71 o/o of the salinity 
EC50 (immob) value for cladocerans cultured at 200 1-1.Sicm. It would be expected that 
cladocerans cultured at high salinity (6300 1..1S/cm) for over a year (i.e., at least 13 
genera tions) would have exerted a sufficiently high selective pressure on D. carinata 
to induce some change in acute tolerance and in the present study 40o/o of toxicity 
tests that used the high salinity acclimatised cultures were less sensitive to salinity 
(i .e ., they had developed tolerance). 
Present results show that cladocenms acclimatised to sa linity over several generations, 
dc\·clopcd a cc rtc.1in degree of resistance to acute sa linity toxicity. but there were no 
changes in response to the other toxicants shtdied. This could be due to the nature of 
salinity toxicity, which is sea water in this case. The actua l effect of sal inity seems to 
be due to physiological stress rather than toxicity of the ionic constituents of sea 
water. [f a sa line eftlu " Ill , such as mine effluent , wh ich has different ionic 
compos itions (dominated by the more toxic divalent ions) (Yim et al. 2006), were 
used. the rcsul t cou Id be different. The defence mechanism against trace m eta Is is 
governed by metallothionin-like proteins (l\1TLP) (Guan and Wang 2006; Tsui and 
Wang 2007). So if the ionic toxicity ha s a domincmt role in the toxic effect of sa linity 
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and MTLP were involved a different toxic response may occur. Since our focus was 
on the effects of inland salinity in Austra lia, different compositions of salinity were 
not considered. 
The "metabolic cost" hypothesis (Calow and Sibly 1990) states that toxic stress 
induces metabolic changes in organisms, which in turns leads to increased energy 
consumption resulting ultimately in adverse effects on growth and reproduction . It is 
well established that chronic estimates of toxicity are more sensitive (i .e., toxicity 
occurs at lower concentrations) than acute estimates of toxicity. Thus, a lower salinity 
threshold to induce changes in tolerance and subsequently measurable tolerance 
changes may have been detected at the salinities tested if chronic toxicity had been 
measured in the current study. This, in fact, was observed in Chapter 5 where several 
life histmy traits of D. carinata were adversely affected at salinities of 5500 !J.S/cm. 
Imp lications of synergism in mix ture toxicities at low concentrations 
Before discussing the results of the mix ture toxicity tests, it is necessary to explain a 
fea ture of some of the results - the tendency at high TU va lues for toxicity of the 
mixtu res to change from conform ing to synergism to confo rming to addi tivity. This is 
a result of the nature of the experimental design of the toxicity tests ra ther than an 
actua l change in the type of toxicity. This ca n best be explained by referring to a plot 
of a mixture tox icity test (F igure 7.6) - in this case the p lot of the 0/o immobilisation of 
D. carinata against the to tal TU in a mixture of atraz ine/molinate/chlorpyrifos and 
sa linity (see Figure 7.5D). 
In Trea tments 1 (which is the mi xture of three pesti cideS only) and 2, toxicity of the 
mi xtures were consistent with addi tivity; however, with increasing salinity Treatment 
3 changed to being consistent with synergism with 1 00°/o of D . carina/a being 
immobilised. For the rest of the trea tm ents ( 4, 5 and 6), 1 00°/o of the organisms were 
immobilised. Any further increases in the sa lini ty could poss ibly immobilise more 
cladocerans but in prac ti ce thi s is not possible, as the number o f cladocerans per 
treatment is contro ll ed. However, it is not possible to !mow whether the tox ic ity has 
reverted to conforming to additi vity or whether it is a function of the des ign of the 
146 
toxicity test. In this example, where there are a series of concentrations of the mixture 
with 1 OOo/o immobilisation, the second explanation for the apparent conformity with 
additivity is the most likely explanation. This situation only applies if lower 
concentrations of the mixture are synergistic - it does not apply if the toxicity 
conforms to antagonism. Thus, correct interpretation of the results of mixtures is only 
possible up to the point where 1 00°/o immobilisation is first achieved. 
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Figure 7.6: The variation in the toxicity of a mixture of atrazine, chlorpyrifos, 
molinate and salinity with increasing salinity (extracted from Figure 7.5). The 
TU values are for the entire mixture. Solid line represents the expected 
additivity. Two dashed lines indicate the 30°/o deviation from additivity. 
Mixtures that lie to the right of the lower dashed line are classed as antagonistic, 
while those that lie to the left of the upper dashed line are classed as synergistic. 
lOOo/o immobilisation occurred in the 3rd treatment. 
Mixture toxicity theory suggesL that only mixtures containing chemicals with the 
same mechanisn1 of ac tion can have concentration add itive (CA) toxicity (Warne 
2003 ; Warne and Hawker 1995) However, the three test chemica ls used in the present 
study have different mechani sms of action (i.e ., atr<lzinc inhibits photosynthesis by 
interfering with electron transport (Hill reaction), (Ebert and Dumford 1976), 
molinate inhibits cell division in plants (Sabater and Carrasco 1998) and chlorpyrifos 
inhibits acetylcholinesterase in animals . It is expec ted that mixtures of these 
c he mica ls would not conform to concentration additivity. However, about 52°/o of the 
co mbinatio ns studied were additive while about 37o/o were antagonistic (Table 7.1 1 ). 
The combinations which showed synergi sm were about 11 o/o and should be given clue:: 
consideration as they exert more tox icity than expected in CA model. There was 
approximately a 5°/o decrease in antagonism in the high salinity culture compared \\"ith 
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the normal salinity culture and additivity increased by the same percentage in the high 
salinity culture while synergis1n remained the same in both cultures (Table 7.11 ). 
Acclimation by an organism to a toxicant may produce different responses by the 
organism when exposed to other toxicants. Resistance usually results from genetically 
controlled biochemical or physiological changes from the normal type (Tsui et al. 
2005). Sensitivity to toxic organic chemicals can be changed due to effects on their 
defence mechanisms such as cytochrome P450 which can metabolise the toxicants 
thereby reducing or increasing toxicity. Atrazine can increase the toxicity of 
organophosphon1s insecticides such as chlorpyrifos by activa ting cytochrome P450, 
which metabolises chlorpyrifos to more toxic metabolites e.g., chlorpyrifos-0-analog 
(Belden and Lydy 2000; Pape-Lindstrom and Lydy 1997). However, in the current 
study, mixtures containing only atrazine and chlorpyrifos did not conform to 
synerg1sm, rather they conformed to antagonism and/or additivity. Confon11ity to 
synerg1sm only occurred when the mixture contained atrazine, molinate and 
chlorpyrifos. 
The funnel hypothesis for mixture~ (Warne and Hawker 1995) hypothesised and 
subsequently experimentally validated that as the number of components in equitoxic 
mixtures increases the likelihood of the toxicity of a mixture conforming to additivity 
mcreases. The equitoxic mixtures of atrazine/chlorpyrifos/mohnate and of 
atrazine/chlorpyrifos/moJinate/sa linity that confonned to synergism contained more 
compounds than the atrazine/chlorpyrifos and the atrazine/chlorpyrifos/salinity 
mixtures that confom1ed to addit ivity. This indicates that molinate played a role in 
changing the toxicity of the mixtures from conforming to additivity to conforming to 
synergism. The mechanism by which molinate increased the toxicity of the mixture is 
yet unknown. 
Given the ongoing salinisation of Australian inland waters and the concurrent 
exposure of organisms within those \:vaten~;ays to pesticides and mixtures of 
pesticides these findings are ve ry pos iti ve. They clearly show that multigenerational 
exposu re of D. curinolo to e levoted sa linity (6300 ~LS , c m) did not affect their ac ute 
sensitivity to sa linity, atrazine, ch lorpyrif'os, molinate, mixtures of these pesticide , 
148 
and mixtures of these pesticides with elevated salinity. Thus, at least for the 
cladoceran species and pesticides tested, there is little need for concern of increasing 
salinity exacerbating the ecological impacts of pesticides in Australian inland 
waterways. However, the effects of long-term exposure to elevated salinity on other 
species, toxicants and mixtures are not known, and therefore warrant investigation. 
7 .6. Conclusions 
Acclimatisation of D. carinata over 13 generations to 6300 !J.S/cm induced a certain 
degree of tolerance to acute salinity toxicity. With one exception, acclimatisation to 
6300 ~LS/cm water did not change the tolerance of D. carinata to acute exposures of 
atrazine, chlorpyrifos or molinate acting individually, as mixtures of the pesticides or 
as mixtures of the pesticides with elevated salinity. There are, thus, no adverse effects 
from the salinity acclimatisation of D. carinata on their defence Jnechanisms against 





The present study aimed at studying different exposure scenarios of the freshwater 
alga, Pseudokirchneriella subcapitata and the freshwater cladoceran, Daphnia 
carinata to salinity, atrazine, molinate and chlorpyrifos and mixtures of the above. 
The results are presented and discussed in Chapters 2 to 7. First, the effects of salinity 
on several generations of P. subcapitata and D. carinata were studied. Then a series 
of experiments with these test organisms cultured at their normal salinities (1 00 and 
200 1-1S/cm for P. subcapitata and D. carinata, respectively) and elevated salinities 
(6000 and 6300 ~LS/cn1 for P. subcapitata and D. carinata, respectively) were 
conducted. Individual toxicities of salinity, atrazine, molinate and chlorpyrifos to P. 
subcapitata (chronic) and D. carinata (acute) were studied. Then different 
combinations of mixtures of salinity and three pesticides were tested with P. 
subcapitata and D. carinata. This approach was followed based on the fact that 1) 
exposure of Australian freshwater organisms to salinity ha been a long tem1 process 
(Jolly et al. 2001 ; Williams 1987; Williams 1999); 2) pesticides in the environment 
are usually present as mixtures (Faust, Altenberger et al. 1994; Van den Brink, Van 
Donk et a l. 1995; Kungo1o , Samaras et al. 1999; Faust, Altenburger et al. 2001 ); and 
3) pesticide pollution is present in the same environment where salinity problems 
occur especially in irrigated agricultural areas. 
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8.2. Summary of the findings of each component of the study with 
regards to individual test species P. subcapitata and D. carinata 
A summary of key findings of the experimental chapters for the two test species 
individually is discussed in this section. 
Algae as primary producers play an important role in trophic relationships in limnetic 
systems as they are the primary contributor of energy to higher trophic levels. 
However, their contribution can only be maintained if environmental conditions are 
optimum. Salinity is one of many stressors that can impact on their functioning. 
Whether they can adapt to increasingly saline waters over several generations is little 
known. The present study on P. subcapitata exposed to increased salinity over several 
generations showed significant (p _:: 0.05) effects on their growth rates, cell division 
rates , cell yield and generation times at salinities of 2: 3000 ~-tS/cm. In addition, it 
increased its sensitivity to salinity over the generations in terms of growth rates, cell 
division rates, cell yield and generation ti1nes. P. subcapitata did not develop 
tolerance to the increasing levels of salinity when exposed over several generations. 
The data suggest that primary producers such as P. subcapitata do not readily adapt to 
increasing salinity and their loss thus may affect the next trophic level such as 
claclocerans in the environment. 
The present studies on D. carinata exposed to a salinity of 2: 5500 ~tS/cm showed 
significant (p S 0.05) reductions in reproduction, adult body lengths, intrinsic rate of 
ne~tun1l increase and ingestion rates . NeomJtc-t! length s e~ nd filtration r;.1 tes v.,;e re more 
sensitive to salinity being significantly affected at 2000 and 4000 f.lS /cm, respectively. 
Significant (p _:: 0 .05) delays in the production of neonates also occuned with 
increasing sa linities.Sensitivity also increased over generations for mean total 
reproduction and mean intrinsic rate of natural increase. D. carina/a did not develop 
tolerance to increased levels of salin ity over the generations. The long-term impacts 
of sal inity on cladoceran populations may have conseq uences on zooplanktivorous 
spec ies in the aquatic food chain. 
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Individual chronic toxicities (72-hour IC50 values based on growth inhibition) of 
salinity, atrazine, molinate and chlorpyrifos to P. subcapitata were approximately 
5600 ~LS/cm, 48 !J.g/L , 300 !J.g/L, 800 !J.g/L, respectively. Based on the toxicant 
classification (US EP A 2006) , atrazine was very highly toxic , molinate was highly 
toxic and chlorpyrifos was moderately toxic Uust below "highly toxic") to the alga. 
About 50o/o of toxicity mixture combinations confotmed to antagonism, 4 7% to 
additivity and 2% to synergism. Since the proportion of synergistic effects was low, 
water quality guidelines (WQGs) based on the concentration addition (CA) model 
should provide sufficient protection for the species concerned assuming the mixtures 
tested are representative of all mixtures. 
Acute toxicities of pestic ides to D. carinata (EC50 immobilisation) in descending 
order were chlorpyrifos (0.213 !J.g/L), molinate (25 .1 mg/L) and atrazine ( 42.4 mg/L). 
Chlorpyrifos was very highly toxic while atrazine and molinate were both slightly 
toxic to D. carinata. Salinity caused 50% immobilisation of D. carinata at 8813 
!J.S/cm. The toxicities of mixtures of pesticides and sa linity results showed 47°/o to 
conform to additivity, 11 o/o to synergisn1 and 42°/o to antagonism. The relatively high 
proportion of mixtures l_;onforming to synergism needs attention in refining WQGs, 
although the occunence of synergism was similar to that in other mixture studies. 
Exposure of P. subcapitara to high salinity (i.e., 6000 pS/cm) over five successive 72 
hour long cultures did not affect the sensiti vity to the pesti cides atrazine, chlorpyrifos , 
molinate and salinity indiv idua ll y. /\bout 70o/o of mixture did not show sensitiv ity 
change ( in tem1 s of lC50 va lu s). ln mi xtu res of the pesticides and sa lini ty. the 
majo rity of the concentra tions (7 1 °/o) tes ted confon11ed to additivity. Approximate ly 
20% and 9% of the mixtures conformed to antagonism and synergism , respec ti vely. 
There were changes in tox ic ity relationships in mix tures between non-acc limatised 
and acclimatised cultures i.e. , antago ni stic mixtures in non-acc limati sed cultures 
became additi ve in acc limatised cultures. There we re changes in sensitivity to th e 
tox icant mi xtures in the acc limatcd algae at a sa linity o r 6000 ~LS/cm . 
Acclimatisa tio n o f D. corinotu over 13 generations to 6300 ~tS/cm induced a certain 
degree o f tol erance to acute salinity tox ic it y. 'vVith one excepti on (the mi xture of 
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atrazine 0.5 TU x EC50 and salinity), acclimatisation to 6300 !J.S/cm water did not 
change the tolerance of D. carinata to acute exposures of atrazine, chlorpyrifos or 
molinate individually, as mixtures of the pesticides and as mixtures of the pesticides 
with elevated salinity. No adverse effects from salinity acclimatisation of D. carinata 
on their defence mechanisms against the pesticides atrazine, molinate and 
chlorpyrifos or their mixtures were found. Approximately 37°/o of the tested mixtures 
conformed to antagonism, 52% to additivity and 11 o/o to synergis1n. The latter group 
may cause more toxicity than expected by the CA model. There was about a 5% 
decrease in antagonism in high salinity cultures compared with nonnal salinity 
cultures and additivity increased by the same percentage in high salinity cultures 
while synergism remained same in both cultures. 
8.3. Relative sensitivity of P. subcapitata and D. carinata to salinity at 
multigenerational level and at chronic level (for P. subcapitata) and 
acute level (for D. carinata). 
[n this section, effects of mult igenerational exposure to salinity a well as short-tenn 
exposure of salinity on non-acclimatised and acclimatised test species will be 
discussed. 
8.3.1 Population level effects and life-history traits of long-term exposure to 
elevated salinity on P. subcapitata and D. carinata. 
In the natural environm ent, exposure to certain toxicants 1. e ., salinity can occur 
throughout the life span o f the orga nism and over genera tions. For thi s reason long-
tem1 chronic to x ic ity experim ents are more environm entally reali stic and preferred 
over short-tenD experiments. Howeve r, bo th acute and chronic tox icity tests generally 
only measure indi v idua l leve l tra its and do not provide information about likely 
effec ts at higher leve ls o f bio log icai o rga ni za ti on such as popubtion and community 
leve ls. Thi s is a maj or limitati on or such tests, as eco toxico logy is o r should be 
primaril y concerned vvith dTccts at the po pulation or m hi gher leve ls o f bio logical 
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organisation (Bechmann 1994; Forbes and Calow 1999; Walthall and Stark 1997). 
Life-history tests and multigenerational studies (Hammers-Wirtz and Ratte 2000; 
Rose et al. 2000; Rose et al. 2002b) provide much more comprehensive information 
on how the toxicants affect populations and whether the sensitivity of organisms 
changes over time. Despite the distinct advantages associated with conducting these 
more environmentally relevant toxicity tests, very few are conducted principally 
because they are considerably more time consuming, labour intensive and hence 
costlier than acute and chronic tests . 
Salinisation of ground and surface water is a gradual process occurrmg over 
timescales of decades rather than days or months (Jolly et al. 2001; Williams 1987; 
Willian1s 1999). Therefore the two test species, P. subcapitata and D. carinata, 
representing primary producers and primary consumers, were separately subjected to 
multigenerational salinity studies, which provided the required information on the 
effects of long-term sal inity exposure (i .e. , salinity acclimation) on life history 
characteristics. The two species were tested, after acclimation, for sensitivity to 
salinity as a result of salinity acc limation, using acute (for D. carinata) and chronic 
(for P. subcapitata) endpoints. 
Table 8.1 summarises the conunon multigenerationa I end points studied for both P. 
subcopitata and D. carinota . 
Table 8.1: The lowest observed effect concentration (LOEC) values for salinity to 
each generation of the alga Pseudokircftneriella subcapitata and the cladoceran 
Dap/mia carinata for the endpoints that \vere common to both sets of 
multioenerational tests 
'&' 
Toxic endpoint The lowest obser-ved effect concentrations (LOEC values) (~tS/cm) for 
each generation 
FO l Fl l F2 I F3 
Growth Rate 
P. subcopitala 3000 - -~· > 6000 l 3000 I 3000 
D. carino/C/ > 6300 J 5500 __ L 5500 I 5500 
Generation Time 
P. suhcapita!a 3000 I > 6000 l 6000 l 3000 
D. curinaw > 6300 I 4000 I 6300 I 5500 
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In relation to these endpoints, P. subcapitata is more sensitive to the long-term effects 
of salinity with LOEC values mainly occurring at 3000 ~LS/cm than D. carinata for 
which all the LOEC values for were greater than or equal to 5500 ~S/cm, with one 
exception of a LOEC value of 4000 ~LS/cm (Table 8.1 ). 
In addition, the multigenerational LOEC values for salinity to D. carinata for 
reproduction, feeding rate and neonatal and adult body length were consistently 
greater than or equal to 5500 Jl.Sicm. The multigenerational LOEC values for salinity 
to P. subcapitata cell division per day and cell yield were consistently greater than or 
equal to 3000 Jl.Si cm. Thus, the salinity LOEC values for the various endpoints 
measured for each species were very consistent. 
The multigenerational effects of salinity at 3000 Jl.S icm are all population level effects 
and therefore the effects will lead to lower densities of P. subcapitata. If it is assun1ed 
that other algal species have a unimodal distribution of sensi tivities to salinity around 
that of P. subcapitata (not an unrealistic assun1ption) then at salinities of 3000 Jl.S/cm 
or greater the availability of food for cladocerans will be significantly reduced and 
further increases in salinity will further decrease the availability of food. The selection 
of food by cladoceran is goven1ed by the size of the food particles. The larger bodied 
cladocerans i.e. , D. magna and D. carinata, which have coarse filters retain relatively 
larger particles i.e. algae (Brendelberger 1991 ). Smaller bodied cladocerans retain 
relatively smaller food particles i.e., bacteria (Brendelberger 1991; Geller and Muller 
1981 ). It was desc1ibed that phytoplankton as being more impOiiant as a food in 
providing nutrients for growt h of Dophniu sp (Muller-So lge r et al. 2002). Therefcq·e 
reductions or limitations in the amount of algae available for cladocerans will affect 
their viability. Previous research has shown a series of effec ts by food of toxicological 
relevance to cladocerans. The effec ts can be categorised under mate rnal nutrition, and 
postnatal nutrition. Maternal nutrition can affect brood size and hence the body size of 
neonates (Glazier 1992; Gliwicz and Guisande 1992). Small neonates tend to be more 
sensitive to starva tion (Giiwicz and Guisande 1992), and to ome toxicants (Enserink 
e t al. 1990). There fore, the nutritional status of laboratory cultures may have a 
substantial effect on the sensitivity of neonates used in toxicity testing. The a lgal food 
concentration found in the natural environment could be even lower than that under 
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experimental conditions. Exposure to low food levels during chronic toxicity tests 
may affect the sensitivity of cladocerans to certain toxicants, including 3,4-
dichloroaniline (Kluttgen et al. 1996), copper (Winner et al. 1977), cadmium 
(Chandini 1989) and lead (Enserink et al. 1995). In addition, maternal nutrition may 
affect the acute sensitivity of their offspring to some toxicants (Enserink et al. 1990). 
The influence of postnatal food conditions also becomes n1ore important over time 
(Enserink et al. 1995). The effect of low food concentration on the chronic toxicity of 
a range of organic chemicals, i.e., sodium dodecyl sulphate (Martinez-Jeronimo and 
Garcia-Gonzalez 1994), diethylenetriamine pentaacetic acid (Van Dam et al. 1995), 
esfenva1erate (Barry et al. 1995), endosulfan (Barry 1996; Barry et al. 1995), 
fenoxycarb and chlorpyrifos (Rose et al. 2002a) and 3,4-dichloroaniline (Barry, 
Logan et al. 1995; Barry 1996; Kluttgen, Kuntz et al. 1996; Rose, J. et al. 2002) leads 
to increased, decreased and no change in sensitivity. Therefore, the nature of the 
effect appears to depend upon both the toxicant and endpoint in question. 
Signifi cant reduction in food availability can cause a variety of effects on the life 
history and sensitivi ty of cladocerans as described above. The effects on alga at 
compara tively low salinity levels (3000 ~S/cm) could cause indirect effects on 
cladocerans, limiting the food ava ilabili ty, apart from the direct multigenerational 
effects on cladocerans visible at salinities ~5500. The direct effects as well as the 
indi rect effects have cascading effects on the species in subsequent trophic levels in 
the food chain. Therefore the direct toxicity of salinity and the decline of food sources 
(due to the effects of sa linity on other spec ies in the food chain) would affec t the 
whole community inhabiting the same envi ronmen t, si nce they are linked through 
trophic relationships. 
8.3.2. Relative sensitivity of salinity acclimatised and non-acclimatised D. 
carinata to acute exposure and P . . "J·ubcapitata to chronic exposure to salinity 
The ~cute toxicity of D. carina /a acc lim ~ ti secl and no n-~cc lim a ti se cl to s~linity and the 
corresponding chronic tox icity of P. suhcOJJitota to sa linity ha ve been di sc ussed 
separately in previous chapters o f the thes is. The sa lt -accl imati sed P. suhcapira ro did 
not acquire tolerance to tox icity of sa linity, whil e th e salt-::1cclim ati sed D. cm·inuru did 
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develop tolerance and became significantly (p < 0.05) less sensitive to increased 
salinity. 
When the relative sensitivity of P. subcapitata and D. carinata to salinity were 
compared, both the salt-acclimatised and non-acclimatised P. subcapitata were 
significantly (p S 0.05) more sensitive to salinity than the corresponding cultures of 
D. carinata (Figure 8.1) although there were no significant differences between 
acclimatised and non-acclimatised cultures of the same species. It is not usual to 
deten11ine the relative sensitivity of organisms by comparing acute toxicity values for 
one species with chronic toxicity values for another species. However, in this case this 
is appropriate as we are comparing the effects of elevated salinity pulses of relatively 
short-duration ( 48 - 72 hours). It just happens that such durations correspond to acute 
exposure for the relatively long-lived cladoceran but to chronic exposure for the short-
lived alga. 









Figure 8.1: Mean IC50 (72 hour growth inhibition) and EC50 (48 hour 
immobilisation) of salinity for P. subcapitata and D. carinata acclimatised and 
non-acclimatised to salinity. Error bars= standard errors of means. NA =Non-
acclimatised. A= Acclimatised. * =Non-acclimatised D. carinata is significantly 
different (p ::: 0.05) from P. subcapitata non-acclimatised. ** = Acclimatised D. 
carinata is significantly different (p ,::: 0.05) from P. subcapitata acclimatised . 
Given the above result s and th at a lgae such asP. suhcapilo/a are the main food source 
for c ladocerans such as D. corinolo it is likely that c laclocerans will experience 
indirect effects or tox ic ity from short term pulses of sa linity a t concentrations below 
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those that would cause direct toxic effects. As stated earlier the lack of food could 
have a range of effects including reduced reproduction and population growth rates 
and changes in sensitivity to other toxicants. vVhen this finding is combined with the 
similar finding from the multigenerational studies it provides a strong argument that 
cladocerans may experience indirect effects due to exposure to elevated salinity of 
any duration at salinities below those that cause direct effects. 
In addition, limited food (due to salinity effects on algal populations) could affect the 
physiological status of cladocerans thereby compromising their tolerance to toxicants. 
Therefore, it is possible that the actua 1 effects in the environment at the salinities that 
should cause direct toxic effects may be greater than expected. This situation could be 
highly significant in a country like Australia where salinisation has occurred over a 
long period (with further increases predicted) and potential exposure may continue 
into the future. 
8.3.3. Developing Acute to Chronic Ratios (ACRs) 
Acute to chronic ratios ( CRs) are widely used in ccotoxicology to provide an 
estimate of the chronic toxicity of a chemical to a particular species when only acute 
data exists. They are used for this purpose in the Australian and New Zealand 
(ANZECC and ARMCANZ 2000), Canadian (CC REM 1991 ), South African (Roux 
et al. 1996) and USEPA (USEPA J 994b) water quality guidelines. This is done by 
dividing the acute toxicity value for a chemical to a particular species by the ACR or 
the geometric mean of ACRs for that species for the same chemical to another 
pecies. The use of ACRs has been criticized for a number of reasons. First, using an 
ACR imphes that the mechanism of action of a chemical is the same under acute and 
chronic exposures. Evidence regarding this is conflicting (Baird et al. 1990; Mayer 
and Ellers ieck 1986; Mayer et al. 1994 ). Second, the ratio obtained for one species 
may not be val id for the species that it is applied to (Calabrese and Baldwin 1993). 
Third , the magnitude of the ACR can va ry markedly when compari ng different 
biological endpoints when deriving the ACR and also the degree of desired protection 
may vary .. Despite these limitations, the use of ACR is likely to continue due to the 
fact that the vast majority of toxicity data ge nerated is from acute tes ts. 
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Acute to chronic ratio values for D. carinata to salinity were calculated for both the 
acclimatised and non-acclimatised cultures according to the method described by 
Wame (200 1) (Table 8.2) . Equivalent ratios were calculated for the acclimatised and 
non-acclimatised P. subcapitata, however; in this case they are not strictly ACR 
values as they are based on the results of short-term chronic toxicity tests and chronic 
tests conducted as part of the multigenerational studies. The ACR values of non-
acclimatised P. subcapitata were significantly (p _s 0.05) larger than those of the 
acclimatised cultures. For cladocerans, the ACR values of non-acclimatised cultures 
were significantly smaller (p .S 0.05) than those of acclimatised cultures. When the 
ACRs of the two species with the same acclimation history were compared (e.g. D. 
carinata non-acclimatised and P. subcapitata non-acclimatised) no significant (p > 
0.05) differences were observed. 
Table 8.2: The acute to chronic ratios (ACRs) of non-acclimatised and 
acclimatised Pseudokirchneriella subcapitata. (derived from short-term chronic 
ICSO and multigenerational lowest observed effect concentration (LOEC)) and 
Daphnia carinata (derived from acute ECSO and chronic/multigenerational 
LOEC). 
Culture for alga Non-acclimatised to salinity Acclimatised to salinity 
/generation for 
cladoceran 
P. subcapitata D. carinata P. suhcapitata D. carinata 
0 0.94 1.6 0.87 1.7 
1 1.87 j_ 1.4 1. 73 1.48 
2 1.87 I 1.6 1.73 1.7 
3 1.87 1.6 1.73 1.7 
4 1.87 1. 73 
All the ACR values lie within the range of 0.8 to 2, which is relatively sma ll. No ACR 
va lues for salinity (sea water) are available to compare with the results of present 
study. The ACR va lues for NsCl and for Na2SO~ for Cw·idino nilotico. a fres hwater 
shrimp species were 2.6 and 3.17 respectively (Slaughter 2005). These ACR values 
were greater than the sa linity ACR va lues of the present study. ACR values similar to 
the present study were repo11ed for non-polar chemicals (Roex et al. 2000). 
Considerably larger ACRs are often reported for pesticides (Ferrando et a l. 1996), 
heavy meta ls (Spehar and Carlson 1984) and a wide range of orga nic toxica nts (Roex 
et al. 2000). 
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8.3.4. Incorporating potential indirect effects of salinity into guidelines for 
salinity in freshwater ecosystems. 
Currently, salinity is not treated as a toxicant m the Australian and New Zea land 
water quality guidelines (ANZECC and ARMCANZ 2000) . Rather, it is treated 
simply as a chemical property of aquatic ecosystems. As such the li1nit for salinity is 
set as the 80 percentile of salinity data for freshwater bodies (i.e ., upland and lowland 
rivers, lakes) that are considered to be little modified. However, Kefford et al. (2006, 
2005, 2002) argued that salinity should be treated as a toxicant and therefore WQGs 
should be derived using the species sensitivity distribution (SSD) method. The vast 
majority of toxicity data including that for salinity has been conducted by exposing 
individuals of a single species to a single toxicant in ambient environmental media 
(usually fresh water). Such toxicity tests have been validly criticised because: the 
routes of exposure are environmentally unrealistic and too in1ple (e.g. exposure to a 
constant concentration of the toxicant); the experiments do not take into account 
variation in environmental conditions that occurs in the field; they do not account for 
the variation in wild populations over time; they onl examine species specific 
responses; they do not account for species interactions, the possibility of indirect 
effects or possible bioaccumulation ellects (eg. Graney et al. 1995; Ward and Jacoby 
1995; Warne et al. 1998). 
Species sens itivity distribution methods use all of the available toxic ity data to derive 
a curve showing the range of species sensitivities, then derive a guideline value that 
protects a given percentage. e.g., 95% . Therefore the limitations of the toxic ity data 
become incorporated into the results of the SSD method, such as in developjng water 
quality guidelines. 
The cunent project has clearly shown that the alga P. suhcopitoto and the cladoceran 
D. corinalo ha ve markedly different sensi ti\·ities to st1 linity, with the 8lga being the 
more sensitive (Figure 8.1 ). Two potential JT8sons for this are that the cladoccran ha s 
an exoskeleton covering most of its surface are8, and this would be less permeable to 
sal t ions than an algal membrane. In ::Jdclition, the physiology of the cladocerans IS 
more evolved than that of alga and permitting acti\ ·c osmo regulation . 
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This study has also shown that there is the potential for cladocerans to experience 
indirect toxic effects of elevated salinity at salinities well below those that would 
cause direct toxic effects. Kefford et al. (2006) used acute toxicity data for salinity to 
macroinvertebrates from Goulbum, Broken, Campaspe and Loddon river catchments 
in southern Murray-Darling basin in Victoria, Australia and a SSD method to derive 
salinities that should protect various percentages of macroinvertebrates in freshwater 
ecosystems (Table 8.3). As they used acute toxicity data and water quality guidelines 
are designed to protect organis1ns and ecosystems fron1 life-long exposure they used a 
range of safety factors to convert the acute data to estimates of chronic toxicity (Table 
8.3). 
Direct acute effects of short duration exposure to salinity on the cladoceran D. 
carinata occurred at salinities 2: 8800 11S/cm but chronic effects to the alga P. 
subcapitata occurred at 2: 5600 ~S/cm. Therefore, the threshold for indirect toxic 
effects on D. carinata could be 5600 ~-tS/cm . When both species had been exposed for 
multiple generations to elevated salinity, threshold toxic effects to D. carinata and P. 
subcapitata occurred at 2:. 5500 ~LS/cm and 2:. 3000 ~LS/cm, respectively. If it is 
as UJned that all the macroinvertebrates used in the SSD by Kefford et al. (2006) 
relied predominantly on algae as their food source and that each macroinvertebrate 
and its food source had the same ratio between their sensitivities asP. subcapitata and 
D. carinoto to salinity then a ll the protective concentration va lues would be 64o/o of 
the values derived by Kefford et al. (2006) (i.e ., 5600/8800 x 1 00) for short term pulse 
exposures and the species sensitivity distribution would shift to the left. If however, 
exposure W8S mu lti gencr<ltionJI then n 11 the protective concentration va lues would 
become 55°/o as large as the values derived by Kefford et al. (2006) (i .e., 3000/5500 x 
I 00) and again the species sensitivity distribution would shift to the left. The effect 
that this would have on the results of the SSD analysis of the 110 macroinvertebrate 
data is shown in Table 8.3 using the correction for short-term pulse exposures (i .e., 
64% of their original values). However whilst the above analysis is interesting it 
should be noted that the current water quality guidelines (WQGs) for sa linity in 
Austra li a and New Zeala nd are not based on toxicity data but on the 80th percentile of 
ambient background concentra ti ons in minimally di sturbed ecosystems (ANZECC 
and ARMCANZ 2000). 
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When considering the above analysis the assumptions required to permit the 
calculations presented in Table 8.3 are large and over-simplistic, however the results 
do clearly indicate that cunent water quality guidelines may well be under-protecting 
aquatic ecosystems. A limitation of the Kefford et al. (2006) data set is that it only 
includes macroinvertebrates. Whereas the current Australian and New Zealand WQGs 
require toxicity data to at least five species that belong to four taxonomically different 
group in order to use a SSD approach. Having said that, the Kefford et al. (2006) data 
set is probably the single best data set available for the toxicity of salinity to 
Australian organisms. 
Table 8.3: Calculated protective concentrations of salinity (mS/cm) for selected 
percentages of taxa with safety factors (extracted from Kefford et al. (2006) 
based on direct toxic effect data and having accounted for indirect effects from 
short-term exposures (revised protective concentration values are in 
h ) parent eses . 
o;o of taxa Safety factors 
~-
--r--· 
protected 20 10 5 3.33 0 
(SE)* (no safety 
factor) 
98 .9 (1.1) 0.40 (0.26) 0.80 (0.51) 1.60 ( 1.02) 2.40 ( 1.54) 8.00 (5.12) 
95.6 (2. 1) 0.58 (0.37) 1.16 (0.74) 2.32 ( 1.48) 3.48 (2.23) 11 .60 (7.42) 
94.6 (2.4) 0.63 (0.40) 1.26 (0.81) 2.52(l.61) 3.78 (2.42) 12.60 (8 .06) 
92.4 (2 .8) 0.64 (0.4 I) 1.28 (0 .82) 2.56 ( 1.64) 3.84 (2.46) 12.80 (8. 19) 
89.9 (3.2) 0.69 (0.44) 1.38 (0.88) 2. 76 ( t.77) 4.14(2.65) 13 .80 (8.83) 
___ §2 .1 ( 4.2) 0.9 1 (0 .58) 1.82(1.16) 3.64 (2.33) 5.46 (3.49) 18 .20 (11.65) 
79.4 ( 4.5) 0.94 (0 .60) 1.88 (1.20) 3.76(2.41) 5.64 (3.61) 18.80 (12 .03) 
50.9 (6.3) 1.50 (0 .96) 3.00 (1.92) 6.00 (3 .84) 9.00 (5 .76) 30.00 (19.20) 
19.6(6.7) 2.30 (1.47) 4.60 (2 .94) 9.20 (5 .89) 13.80 (8.83) 46.00 (29.44) 
SE* -standard error 
8.4. Toxicity of individual pesticides atrazine, rnolinate and 
chlorpyrifos on P. subcapitata (chronic) and D. carinata (acute) and 
effects of acclin1ation to salinity. 
The o il -site migration of pesticides used for crop protection ca n exert deleterious 
effects on non-targe ted spec ies in the aquati c environm ent. In Australia, the sa me 
aquatic ecosystems that are po tentially exposed to pes ticides are also subj ec t to 
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salinisation. Therefore, the present study determined the toxic effects of the pesticides 
atrazine, molinate and chlorpyrifos acting individually and in mixtures including 
salinity on an alga (P. subcapitata) and a cladoceran (D. carinata). 
8.4.1. Relative sensitivity of P. subcapitata and D. carinata to atrazine, molinate 
and chlorpyrifos. 
The individual toxicities of the herbicides, atrazine and molinate, and the insecticide 
chlorpyrifos on the two test species were determined on populations non-acclimatised 
and acclimatised to elevated salinity. The ECSO and ICSO values and the 
corresponding 95 o/o confidence limits for the pesticides are presented in Table 8.4. 
Table 8.4: The toxicity (ECSO or ICSO and 95°/o confidence lin1its in parentheses) 
of atrazine, molinate and chlorpyrifos to acclimatised and non-acclimatised P. 
b dD su capltata an . carznata. 
Toxicant Non-acclimatised ECSO or ICSO Acclimatised ECSO or ICSO 
(gg/L) (JJ.g/L) 
P. subcapitata D. carinata P. subcapitata D. carinata 
Atrazine 47.8* 4250* 42.7* 4150* 
(27. 1 - 63.5) (3930- 4590) (32.4- 53. 9) (37 j 0 - 4640} 
Molinate 300* 2540* 282* 2750* 
(262 - 316) 2320 - 2700) (240 -- 311) (2400 - 3150) 
Chlorpyrifos 797* 0.21 * 1117* 0.18* 
(673 - 1128) (0.19 - 0.23) (900 - 1460) (0.17 - 0.20) 
* - means that P. ·ubcapitata and D. carinata with the same acclimatisation hi story (i .e . 
acclimatis d or non-acclimatised) were significantly different (p :=: 0.05). 
The algCl P. suhco]Jitow is highl y suscept ible to the two herbicides Cllrazine nnd 
molinate. Atrazine inhibits electron transport in the Photo-system II, which causes 
destruction of the chloroplast (Torres and o·Flaherty 1976), inhibition of carbo n 
uptake and carbohydrate synthesis (Larsen et al. 1986; Solomon et al. 1996). Since the 
alga is an autotrophic organism, effects on the chloroplast co uld cause serious effects 
on alga growth and surv ival. Molinate inhibits algal cell division (Tomlin 1994) and 
also causes physiological interference with the metabolism of proteins, 8S well as 
binding to the specia l proteins . Since there is no definit ive pathway for chlorpyrifos 
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to cause toxicity in the alga, it is the least toxic of the three test chemicals to P. 
subcapitata. 
In the case of D. carinata there are no identified pathways for herbicides to exert their 
toxic effects upon. However studies have shown that atrazine and molinate cause 
acute as well as chronic toxic effects to cladocerans (Julli and Krassoi 1995; Foster, 
Thomas et al. 1998; Phyu, Wame et al. 2004). Chlorpyrifos is highly toxic to 
cladocerans and the mode of action IS the inhibition of the enzyme 
acetylcholinesterase, resulting m the accumulation of the neurotransmitter, 
acetylcholine, at nerve endings and the rapid use of all A TP (Giesy et al. 1999; Straus 
and Chambers 1995). 
Data generated showed that the alga, P. subcapitata was more sensitive to some 
toxicants i.e. herbicides compared with the cladoceran, D. ca1inata. Therefore, D. 
carinata may experience indirect effects at lower concentrations than those indicated 
by toxicity tests using D. carinata alone. The insecticides i.e. chlorpyrifos are highly 
toxic to D. carinata due to mode of action. 
Limited information on the toxicity of mixtures of the three pesticides is available. 
Atrazine enhances the toxicity of chlorpyrifos to invertebrates by the formabon of 
chlorpyrifos oxon by oxidative de. ulfuration (Pape-Lindstrom and Lycly 1997; Giesy, 
Solomon et a l. 1999; Belclen and Lydy 2000; Eisler 2000). Even though no 
infonnation IS available on the mixture effects of molinate/atrazine and 
molinate/chlorpyrifos combinations, the above mentioned physiological and 
biochemical effects could certainly have combined and caused effects on the algae 
and cladocerans. 
The sensitivity of both the acclimatised and non-acclimati eel alga to the herbicides, 
atrazine and molinate, were approximately one hundred-fold higher than that of the 
cladoceran. Thus, in addition to direct toxicity of the two herb icides, the cladocerans 
would be experiencing indirect effects even at lower co ncentrations or herbicides, as a 
result of declining algal numbers availab le as food . 
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In contrast, for chlorpyrifos, the acclimatised and non-acclimatised cladocerans were 
approximately 6000 and 3500 times more sensitive than the conespondingly 
acclimatised alga. In thi s scenario algal populations are likely to increase as a result of 
the lack of grazing pressure from herbivorous zooplankton (Papst and M.G.Boyer 
1980). These types of phenomena actually lead to disruption of the community 
structure. The reduction of grazing can cause conditions leading to algal blooms, 
which in turn have adverse impacts on the health of the system, creating low 
dissolved oxygen, reducing light penetration and resulting in fi sh kills (apart from 
direct toxic ity of the pesticide), e tc . (Scholten 2005). 
8.5. Toxicities of different combinations of mixtures of salinity, 
atrazine, molinate and chlorpyrifos P. subcapitata and D. carinata 
non-acclimatised and acclimatised to salinity over generations. 
As discussed previously, sa linity is quite c01n mon in inigated areas where there is 
heavy use of agricultural pesticides. Because of that, the combined effects of mixtures 
of pesticides and salinity need to be studied to understand the toxicological 
consequence of such mixt1.1re on aquatic organisn1s. Different combinations of 
salinity and individual pesticides, equitoxic mixtures of pesticides and salinity and 
mixtures of pesticides, were examined in the present study. It is not possible to 
compare the IC50 or EC50 values fo r the toxicity mixtures since they are based on 
toxic units derived from 50°/o effects of individual toxicants and therefore are 
complete ly cliff'erent in to .xicant cc,nc entrations. Therefore, the percentage occurrence 
of tox ic ity re la tionships i.e. addit ivity, antagonism and synergism in diffe rent tox ic ity 
combinations were used to d iscuss the relat ive toxicities of di ffe rent mi xtures to the 
two spec ies. Tab le 8.5 surnmarises these tox icity relati onships in different mi xture 
co mbinat ions of sa lini ty and pes ticides for no n-acclimatised P. subcapitata and D. 
corinato. 
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Table 8.5: Types of toxicity relationships in different mixture combinations of 
salinity and pesticides atrazine, molinate and chlorpyrifos for non-acclimatised 
P b "t t d D . su capl a a an . carll'zata . 
Toxicity relationship 0/o occurrence for P. 0/ o occurrence for 
subcapitata D. carinata 
Antagonist ic 50.9 42.2 
Additive 47 .3 46.9 
Synergistic 1.8 10.9 
Approximately 47°/o of mixtures conformed to additivity for bo th species, 51 o/o of 
mixtures conformed to antagonis1n for P. subcapitata while about 42o/o mixtures 
conformed to antagonism for D. carinata. For P. subcapitata only a bout 2% of 
mixtures conformed to synergism whereas for D. carinata, ll% conformed to 
synergism. Therefore, D. carinata seen1ed to be more sensitive in terms of the toxicity 
relationships to the 1nixtures studied compared with P. subcapitata. For both species 
approximately 90% of the tested mixtures conformed to antagonism or additivity, 
which indicates that the use of the CA model with appropriate safety factors, to 
account for the synergism, will provide sufficient protection of primary producers 
and primary consumers in the system. 
Table 8.6 summarises the toxicity relationships of different mixture combinations of 
salinity and pesticides for salinity accli1natised P. subcapitata and D. carinata and 
Table 8.7 presents the percentage difference of each toxicity relationship between 
salinity acclimatised and non-acclimatised test species. 
Table 8.6: Types of toxicity relationships in different mixture combinations of 
salinity and pesticides atrazine, molinate and chlorpyrifos for acclimatised P. 
I d D su Jcrtpttata an . COriiiOffl. 
Toxicity relationsh ip 0/o occurrence for P. 0/o occurrence for 
subcapitata D. carinata 
Antagonistic 20.0 36.9 
Additive 70.9 52.3 
Synergistic 9. J 10.8 
Acclimation to salinity considerably impacted on the toxicity relationship of mixtures 
to P. suhcopitoto as indicated by the changes percentage of mixtu res that conformed 
to an tagonism, additivity and syncrgi sm (compare Tables 8.5 and 8.6) . A ntagonistic 
relationships of non-acc lima tised a lga l populations were reduced by approximately 
3 1 ~lo a nd adclitivity and synerg ism increased by approx imately 24%) and 7o/o 
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respectively. These observations showed that the alga became more sensitive to 
mixtures studied due to the multigenerational exposure to salinity. The changes m 
sensitivity of P. subcapitata observed in the multigenerational salinity experiments 
were further supported by the present results. 
Table 8.7: Percentage difference of occurrence of different toxicity relationships 
among the salinity acclimatised and non-acclimatised P. subcapitata and D. 
carinata non-acclimatised and acclimatised. 
Toxicity 0/o occurrence for 0/o occurrence for 0/o difference 
relationship non-acclimatised acclimatised 
P. subcapitata 
Antagonistic 50.9 20 -30.9 
Additive 47.3 70.9 +23.6 
Synergistic 1.8 9.1 +7.3 
D. carinata 
Antagonistic 42.2 36.9 -5.3 
Additive 46.9 52.3 +5.4 
Synergistic 10.9 10.8 -0.1 
Percentage occurrence to toxicity relationships on non-acclimatised D. carinata and 
changes of these relationships as a result of salinity acclimation is different to that of 
P. subcapitata. A light increase in sensitivity in acclimatised D. carinata was 
indicated by an approximately 5°/o decrease in antagonistic relationships and by an 
equivalent S<Yo increase in additive relationships. The percentage of mixtures that 
confonned to synergism was not affected by salinity acclimatisation. Thus, there were 
no substantial effects of sal inity acclimation on the toxicity of mixtures to D. 
ca;-inata. However, the increa e in sensitivity of P. subcapitata will have indirect 
effects on cladocerans due to a possible reduction of algal food for cladocerans. It is 
difficult to work out such effects quantitatively in relation to mixtures. The mean 
percentage occunence of each toxicity relationship for the two test species together 
with changes in salinity acclimation are presented in Table 8.8. 
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Table 8.8: Mean percentage of P. subcapitata and D. carinata non-acclimatised 
an d r r db th t th ace 1ma tse 0 spectes oge er 
0/o occurrence 0/o occurrence %) 
Toxicity relationship for non- for difference 
acclimatised acclimatised 
Antagonistic 46.5 29.2 -17.3 
Additive 47.1 60.8 + 13.7 
Synergistic 6.4 10.0 +3.6 
Non-acclimatised cultures showed antagonism and additivity in the same proportions 
while salinity acclimation decreased antagonism by approximately 17o/o and increased 
additivity by approximately 14o/o and synergisn1 by 3.6%. Water quality guidelines 
based on the CA model would provide sufficient protection for the species because 
for both salinity acclin1atised and non-acclimatised cultures, the mean (of both test 
species) of mixtures that conformed to antagonism and additivity was 90% and 93% 
respectively. Deneer (2002), Faust et al. (1994), Wame and Hawker (1995) and Ross 
and Wmne (1997) found that approximately 85 - 95o/o of mixtures (irrespective of the 
type of chemical) were additive and therefore can be predicted with reasonable 
accuracy by the CA model. The additivity percentage of the present study is however 
considerably smaller than those observations (i.e. , approximately 47°/o and 61% for 
salinity acclin1atised and non-acclimatised, respectively). As described by Wame 
(1992), when the number of cornponent mixtures increases the toxicity relationship 
tends to confonn to additivity. Since the maximum number of components in the 
present study was four, the deviation from additivity can be understood. The 10% of 
mixtures that conformed to synergism will not be adequately protected by using the 
CA model and this will be discussed in the fo llowing sections . 
8.6. Implications toxicity of salinity and toxic relationships of 
mixtures of pesticides with salinity with water quality guidelines 
Water quality gu ide lines for sa linity, based only on direct toxic effects, are unlike ly 
provide the intended level of protection , since the indirect effec ts of sa linity ha ve not 
been consid red. As indicated in Table 8.3 the protective co ncentrations of sa linity 
should be revised based o n the informution o[' trophic relCtt ionships of the tax8 under 
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consideration. The application of appropriate safety factors will also be important in 
this exercise, since the taxa which do not have sufficient infonnation can be protected 
with the safety factors. 
There are no significant differences in salinity acclimation on the toxicities of 
individual chemicals studied (chronic and acute). However the trigger values based on 
the toxicities of single species would under protect the species in higher tropic levels 
since there can be cascading effects as a result of the adverse effects on the lower 
trophic levels. P. subcapitata was more sensitive to two herbicides than D. carinata. 
Therefore, in addition to direct toxicity effects there can be effects on the cladoceran 
due to limitations of algal food. Thus, trophic relationships are very important 
considerations in the protection of species. 
The toxicities of mixtures showed different relationships for both species and there 
were changes in sensitivities of salinity-acclimatised cultures, especially in P. 
subcapitata. Additivity seems to be the most prevalent toxicity relationship when both 
species are considered (Tables 8.6 and 8.7). Therefore, incorporation of additivity in 
WQGs would provide substantial protection for the species. The Australian and New 
Zealand WQGs (ANZECC and ARMCANZ 2000) have recognized additivity in their 
implen1entation. Herbicide mixtures have recently been incorporated in the WQGs of 
Quebec, Canada (Ministere de !'environment du Quebec 200 I) and a mechanisn1 to 
include herbicide mixture toxicity has been proposed for the Swiss water-quality 
guid elines (Chevre et al. 2006). However, the toxicity of mixtures that are synergistic 
is st ill not sufficientl y addressed by these WQGs. High sa linity acclimation (6000 
!-LS/cm) ca used an increase in synergism especially in P. subcapitata (a 7.3 o/o 
increase). It will be worthwhile to consider this in designing safety factors in SSD and 
ecological risk assessment and therefore enable it to be incorporated into WQGs. The 
sa fety factors used to derive WQGs are designed to be applied to toxicity data for 
singles chemicals, not mixtures . Therefore, a different approach is required. An 
appropriate appronch was developed hy Ross and Wan1e (1997). They used 
probabilistic risk assessment methods to determine how toxic any selected percentage 
of mixtures were. compared to concentration addition. Thus they found that 50o/o of 
973 mixtures had toxicity that conrormed to antagonism and adclitivity, and that 95°/o 
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of mixtures had toxicities less than 1.5 times greater than concentration addition. The 
use of the above approach has the advantage of providing a flexible risk-based 
approach to setting WQGs. The exact level of mixture toxicity used can then be made 
as a policy decision. 
A summary of the present study is presented in the Figure 8.2. 
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Pseudokirchneriella subcapitata, Daphnia carinata I 
~ 
Multigenerational exposure of salinity 
P. subcap itata D. carinata 
Li fe history affected 2: 3000 Life history affected 2: 5500 
~tS/cm . ~tS/cm . 
-growth rate -mean total reproduction 
-ce ll division rate -adult body lengths 
-generation time -intr insic rate of natura l increase 
-ce ll yield -i ngesti on rates 
~ l 





P. subcapitata D. carina/a P. subcapitata D. carinata 
(JC50) (EC50) (JC50) (EC50) 
5620 ~tS/cm 8813 ~tS/cm Sa linity 520 1 ~tS/cm 9309 ~S/cm 
Atr-2.22 X 10-7 Atr- 1.97 X 10-4 Pesticides Atr-1.98 X 10·' Atr-1.92 X 10-4 
Mol.-1.60 X 10-6 Mol.- 1.34 X 1 0_. Moi. -1.51X 10-6 Mol.- 1.47 X o-.J 
Ch l. -2.27 X 1 o-6 Chi.- 6.07 X 10- 10 Ch i.- 3.19 X 10-6 Chi.- 5.25 X 10" 10 
Antagonism- 50% Antagonism- 42% Mixture Antagonism-SO% Antagonism-37% 
Additivity- 47% Additivity-47% Additivity-20% Additi vity-52% 
Synergism- 2% Synergism-11 % Synergism-9% Synergism-11 % 
Summary 
-The direct effects of both salinity and pesticides on P. subcapitata may have indirect 
effects on D. carinata. and shou ld be considered in SDs. Therefore, it is recommended 
that considering trophic relationships and community leve l effects in WQGs are 
considered. 
-D. carinata that were acclimated to high sa linity acquired some tolerance to acute 
toxicity of alinity. I ligh salinity acc limated P. suhcapitata did not develop any tolerance 
to salinity. 
-High salinity acc limat ion of D. carinata did not change their sen · itivity to pesticides. 
However, the sensi ti vit y of P. suhcapitata to pesticide - was altered as a result of high 
sa linity acc limation , as indicated by change, in occurrence of toxicity relationship · i.e. 
aclclitivity, antagon ism and synergism. 
-The ACRs or~a linit y ror the t\\·o test species gcncr::~ted ranged rrom 0.8 to 2 ::~nd \\il l be 
useful in determining appropriate safety factors for salinity. 
-WQGs that incorporated mixture toxicity based on CA with properly derived safety 
factors (to minimise over protection and under protection) would be adeq uate to provide 
the expected le vel of protection for the species. 
- Usi ng the concentrati on addition (CA) model for the two test species provided adequate 
protection for ap proxi mate ly 90% of the mixtures tested. 
Figure 8.2: Summary of the key fi ndings of the project. 
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8.7. Summary and conclusions 
The exposure to salinity caused long-term multigenerational and short-term acute 
toxic effects on the test species, P. subcapitata and D. carinata . 
The direct acute effects of salinity on cladocerans occurred at 2:. 8800 )J.S/cm and 
chronic toxic effects on alga occurred at 2:. 5600 )J.S/cm. Cladocerans were 
significantly (p :S 0.05) affected in terms of mean total reproduction, adult body 
lengths, intrinsic rate of natural increase and ingestion rates at salinities of 2:: 5500 
)J.S/cm. Algae were significantly (p :S 0.05) affected in terms of growth rate, cell 
division rate, generation time and cell yield at the salinity levels of 2:: 3000 ~LS/cm. 
P. subcapitata did not develop salinity tolerance when acclimatised. In fact in one of 
the six experiments it became significantly less tolerant (at p :S 0.05) while the other 
five were not significantly different. Being a good osmoregulator, acclimatised D. 
carinuta becmne less sensitive to the acute toxicity of salinity. However, there was no 
evidence of acquiring salinity to lerance by both species in terms of the life-history 
traits stud ied in the multigenerational experiments. 
Data genera ted showed that the a lga, P. suhcapitata was more sensitive to some 
toxica nts compared with the cladoceran, D. carinata. Therefore, D. carinato may 
experience indirect effects at lower co ncentrations than those indicated by tox icity 
tes ts using D. carina/a . If similar effects occur for species where D. carinuto is the 
food so urce for them. shirting of th e estC~hli::;hccl ~pec i cs ~c n siti ' ity di stribu tio n,·· 
would occur. Therefore, the expected level of species protection may not be achieved 
using single species toxicity data. A method was deve loped for incorporating indirect 
toxicant effects. This yielded lower protec ti ve concentrations. 
Acclimatisation of both tes t species (over multipl e generations) to e levated sa linity 
did not change thei r sensitivity to the three pesticides. For the cultures of both test 
species not acc limatised to elevated salinity the percentage of mixtures conform ing to 
antagonism and adclitivity were s imilar (i.e .. 40 - 50%). and only a sma ll pe rcentage 
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conformed to synergism. For both species, acclimatisation to elevated salinity led to 
an increase in sensitivity to the mixtures with increases in the percentages of mixtures 
that conformed to additivity and synergism and decreases in those that conformed to 
antagonism. 
The present study clearly indicated that environmental conditions (i.e., salinity) 
influence the life history of organisms and also the toxic relationships of different 
toxicant mixtures. Therefore the effects of environmental variables such as salinity, 
pH (low pH often caused by acid sulphate soils) and temperature (due to seasonal 
variations in temperate countries) on toxic effects need to be studied further, since 
they affect the solubility, bioavailability transformation and degradation of toxicants 
in the enviromnent. 
It is important to supp lement the WQGs based on single toxicant and single species 
data with mixture toxicity data (with realistic n1ixtures) and taking the community 
level effects (trophic relationships) of toxicants in revising WQGs. Therefore the 
promotion of research on such areas is recommended. 
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